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I.  INTRODUCTION 

•  i  C  a 

This  annual  report  covers  the  period  from  August  1,  1984  to 
July  31,  1985  for  the  research  project  under  Brant  No.  AFOSR-82- 
0314.  In  this  research  program,  the  processes  for  electron 
production,  electron  attachment  and  charge  recombination  in  high 
pressure  gaseous  mixtures  were  investigated.  The  information 
obtained  from  this  research  is  currently  needed  for  developing 
various  electrical  switching  devices  as  well  as  for  understanding 
the  basic  phenomena  in  plasma  physics. 

Various  electrical  switching  devices,  such  as  high  energy 
and  high  repetition-rate  discharge  switches,  opening  switches, 
radiation  or  e-beam  controlled  switches,  are  needed  for  the 
development  of  high  power  lasers,  fusion  experiment,  magnetic 
energy  storage  system,  as  well  as  particle  beam  experiment.  High 
pressure  gaseous  discharges  are  frequently  used  in  these 
switching  devices.  For  a  specific  discharge  switch,  it  may 
require  some  special  characterisitcs  pertinent  to  the  pulse  rise 
and  decay  times,  discharge  stability,  dishcarge  uniformity,  and 
current  density.  These  characterisitcs  depend  strongly  on 
electron  transport  parameters,  such  as  electron  drift  velocity, 
electron  attachment,  detachment  and  ionization  coefficients  as 
well  as  charge  recombination  rates.  The  electron  transport 
parameters  of  various  gases  are  thus  needed  for  designing  various 
discharge  switches,  and  they  are  measured  in  this  research 
program. 


In  addition  to  pracitcal  applications,  this  research  program 
also  developes  new  methods  for  the  study  of  basic  phenomena  in 


i 


plasma  physics.  A  high-charge-density  plasma  can  be  produced  by 
an  intense  excimer  laser  pulse  by  the  multiphoton-ionization 
process,  and  it  can  be  used  for  examining  the  probability  of 
electron  leakage  from  plasma  and  the  decay  time  of  plasma  in  high 
gas  pressures. 


REASEARCH  ACCOMPLISHMENTS 


A  parallel-plate  drift-tube  apparatus  was  used  to 
investigate  electron  transport  parameters  in  high  pressure 
buffer  gases.  Electrons  were  initially  produced  either  by 
irradiation  of  the  cathode  or  by  two-photon-ionization  of  a  trace 
of  trimethylamine  in  a  high-pressure  buffer  gas  with  an  intense 
excimer  laser  pulse.  An  electric  field  produced  by  applying  a 
negative  high  voltage  on  the  cathode  was  used  to  drift  the 
electrons.  The  transient  voltage  pulses  induced  by  electron 
motion  between  the  electrodes  were  observed.  The  electron 
attachment  rates  were  obtained  from  the  ratio  of  the  amplitudes 
of  transient  pulses  with  and  without  a  gas  attacher  in  buffer 
gas.  The  electron  drift  velocity  and  the  electron  diffusion 
coefficient  were  obtained  by  analyzing  the  time  profile  of 
transient  pulses. 

In  this  period,  the  two-photon-ionization  coefficients  of 
CS2  and  SO2  at  193  nm  were  also  measured.  These  coefficients  are 
needed  for  determining  the  initial  electron  densities  produced  by 
laser-ionization  of  trace  amounts  of  CS2  and  SO2  in  buffer  gases. 
Results  accomplished  in  this  period  are  described  more 
specifically  below. 


The  electron  productions  from  photoionization  of  CS2»  S02> 
and  <CH3>3N  in  buffer  gases  of  N2  and  CH4  with  an  ArF  excimer 
laser  (193  nm>  were  investigated.  At  low  laser  power  and  low  gas 
pressure,  the  number  of  electrons  produced  are  proportional  to 
the  square  of  laser  power  and  the  density  of  CS2,  SO2  or  (CH3>3N, 
indicating  that  electrons  are  produced  by  two-photon-ionization 
(TPI)  process.  The  TPI  coefficients  for  CS2,  SO2  and  (CH3>3N 
were  measured  to  be  3. 7xl0“27,  8. 3xl0“30,  and  1.7xl0“27  cm^/W, 
respectively.  The  results  are  described  in  more  detail  in  a 
paper  attached  in  this  report  as  Appendix  A.  This  paper  has  been 
accepted  by  the  Journal  of  Applied  Physics  for  publication. 

2.  Space  Charge  Effect  on  Electron  Transport 

The  probability  for  electron  leakage  from  a  plasma  depends 
on  the  charge  density  and  the  applied  field.  The  electron 
leakage  probability  decreases  with  charge  density  and  increases 
with  applied  field.  In  an  earlier  observation  of  (CH3>3N,  we 
find  that  the  probability  is  a  function  of  the  ratio  of  charge 
density  to  the  applied  field.  This  phenomenon  is  repeatly 
observed  in  the  case  of  CS2  which  is  briefly  discussed  in  the 
paper  attached  as  Appendix  A. 

The  electron  conduction  pulse  is  greatly  affected  by  the 
space  charge  effect.  At  high  charge  density,  the  electric  field 
induced  by  the  space  charge  can  over-suppress  the  applied 
external  field  such  that  the  conduction  electrons  move  toward  the 
cathode, 


and  the  electron  conduction  current  reverses  its 


direction  as  shown  in  Fig.  9  in  Appendix  A.  This  new  phenomenon 
is  not  expected  from  common  belief  that  electrons  should  not  move 
toward  the  cathode.  However,  this  phenomenon  has  been  observed 
in  both  cases  of  CS2  and  <CH3>3N  whenever  the  electron  density  is 
high  enough.  We  thus  believe  that  this  is  a  genuine  physical 
phenomenon,  although  the  theoretical  explanation  for  this 
phenomenon  is  still  not  established.  To  understand  this 
phenomena,  theoretical  modeling  of  the  charge  density  and  the 
time-dependent  electric  field  is  needed.  We  will  continue  to 
pursue  this  problem  in  the  next  funding  period. 


3.  Electron  Attachment  Coefficients  of  HoO 

The  electron  attachment  rate  constants  of  H2O  in  buffer 
gases  of  A r,  N2  and  CH4  were  measured  as  a  function  of  E/N.  The 
electron  attachment  rate  constant  of  H2O  in  Ar  increases  with  E/N 
from  2  to  15  Td.  This  characteristic  is  desirable  for  the  design 
of  opening  swithces.  For  the  H2O-N2  and  H2O-CH4  gas  mixtures, 
the  electron  attachment  to  H2O  is  due  to  the  formation  of 
"temporary"  negative  ions,  whose  lifetime  is  about  200  ns.  The 
foramtion  of  "temporary"  negative  ion  has  a  certain  effect  on  the 
electron  drift  velocity.  The  electron  drift  velocities  of  H2O  in 
various  buffer  gases  were  measured  in  this  experiment. 

The  results  for  the  electron  attachment  of  H2O  in  buffer 
gases  are  reported  in  more  detail  in  a  paper  attached  as  Appendix 


B,  which  has  been  published  in  the  Journal  of  Applied  Physics. 


Electron  Attachment  Coefficients  of  C^Fi 


The  electron  attachment  coefficients  of  C3F8  in  buffer  gases 
of  Ar,  N2>  and  CH4  were  measured  as  a  function  of  E/N. 


The 


electron  attachment  rate  constants  of  C3F8  in  N2  and  CH4  increase 
with  E/N,  which  are  desirable  for  the  design  of  opening  switches. 
The  electron  drift  velocity  in  the  C3F8-CH4  mixtures  increases 
with  increasing  E/N,  and  it  reaches  a  peak  and  then  decreases  at 
high  E/N.  The  peak  drift  velocity  shifts  to  high  E/N  as  the  C3Fg 
concentration  increased.  This  characteristic  satisfies  the  need 
for  the  design  of  opening  swtiches. 

The  results  for  the  shortening  of  electron  conduction  pulses 
by  C3Fa  are  described  in  more  detail  in  a  paper  attached  as 
Appendix  C,  which  has  been  published  in  the  Journal  of  Applied 
Physics. 
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Two-photon-ionization  coefficients  of  CS2,  S02,  and  (CH3)3N 

W.  C.  Wang  and  L.  C.  Lee 

Department  of  Electrical  and  Computer  Engineering,  San  Diego  State  University,  San  Diego,  California 
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(Received  8  Miy  1985;  accepted  for  publication  15  July  1985) 

Electrons  produced  by  two-photon  ionization  of  CS2,  S02,  and  (CH3)3N  in  N2  and  CH4  buffer 
gases  at  193  nm  were  investigated  using  a  parallel-plate  drift-tube  apparatus.  At  a  low  charge 
density,  the  transient  voltage  induced  by  electron  motion  between  the  electrodes  is  proportional  to 
the  gas  pressure  and  the  square  of  laser  power.  The  two- photon-ionization  coefficients  measured 
from  the  number  of  electrons  produced  are  3.3  X  10“27,  8.3  X 10-30,  and  1.7  X 10"27  cm4/W  for 
CS2,  S02,  and  (CH3)3N,  respectively.  The  coefficient  for  (CH3)3N  agrees  with  the  earlier  value 
measured  using  ion  current.  At  a  high  charge  density,  the  number  of  electrons  observed  deviates 
from  the  square  dependence  of  laser  power.  The  numbers  of  ions  and  electrons  are  greatly  reduced 
by  charge  recombination  whose  reaction  rate  is  enhanced  in  the  presence  of  space  charge. 

■t —  INDENT  * —  INDENT 


I.  INTRODUCTION 

When  molecules  are  irradiated  by  intense  ultraviolet 
(UV)  laser  photons,  high  concentrations  of  charges  can  be 
produced.  This  charge  production  method  has  been  used  in 
several  applications,  for  example:  (i)  in  the  development  of 
laser-triggered  discharge  switches  that  have  low  jitters  (1 
ns)1,  (ii)  in  the  measurements  of  electron  attachment  rate 
constants  of  various  electronegative  gases  in  high-pressure 
buffer  gases,2  and  (iii)  in  the  study  of  fundamental  phenom¬ 
ena  of  electron  leakage  from  a  plasma.3  In  these  applications, 
the  two-photon-ionization  (TPI)  coefficient  is  needed,  be¬ 
cause  it  determines  the  absolute  charge  density.  In  this  pa¬ 
per,  we  report  the  TPI  coefficients  for  molecules  that  have 
potential  applications  in  electrical  discharges. 

Although  the  multiphoton  ionization  (MPI)  process  has 
been  extensively  applied  in  the  study  of  atomic4  and  molecu¬ 
lar5  spectroscopy,  there  are  relatively  few  measurements  in 
absolute  MPI  coefficients.  In  most  earlier  MPI  measure¬ 
ments6-9  positive  ions  were  detected.  In  contrast,  we  mea¬ 
sured  the  TPI  coefficients  here  by  detecting  electrons.  For  a 
comparison  with  earlier  measurements,*  the  TPI  coefficient 
of  trimethylamine  [(CH3)3N]  was  remeasured  with  this  new 
method.  This  method  is  extended  to  measure  the  TPI  coeffi¬ 
cients  of  CS2  and  S02. 

In  the  previous  measurement*  of  trimethylamine,  the 
ion  current  was  limited  by  charge  recombination  when  the 
charge  density  was  high.  This  charge  recombination  process 
was  repeatedly  studied  in  this  experiment  in  a  much  shorter 
time  scale,  because  electrons  drift  much  faster  than  ions.  We 
find  that  the  charge  recombination  rate  is  greatly  affected  by 
space  charge.3  The  space  charge  can  induce  an  internal  elec¬ 
tronic  field  to  cancel  out  the  applied  field.  The  effective  elec¬ 
tric  field  in  the  plasma  region  is  thus  reduced  such  that  the 
electron  energy  decreases.  Since  the  charge  recombination 
rate  is  inversely  proportional  to  the  square  root  of  electron 
energy,10  the  reduction  of  electron  energy  by  space  charge 
will  increase  the  charge  recombination  rate  greatly.  This  en¬ 
hanced  charge  recombination  process  is  discussed  in  tb's  pa¬ 
per. 


II.  EXPERIMENTAL 

The  experimental  setup  has  been  described  in  a  previous 
paper.2  In  brief,  excimer  laser  (Lumonics  Model  861S)  at  193 
nm  was  used  to  photoionize  molecules  in  a  gas  cell  of  6-in. 
six-way  aluminum  cross.  Only  the  central  portion  of  the  la¬ 
ser  cross-sectional  area  perpendicular  to  the  laser  beam  was 
used  for  the  experiment,  whose  size  was  6.2  mm  perpendicu¬ 
lar  to  the  applied  field  and  1 3. 1  mm  along  the  field.  A  rectan¬ 
gular  stop  was  used  to  define  the  beam  area  for  which  a 
fraction  of  about  65%  of  the  laser  beam  was  used  in  the 
experiment.  The  laser  energy  per  pulse  was  measured  right 
after  the  exit  window  (suprasil)  of  the  cell  by  an  energy  meter 
(Scientech  Model  365).  For  the  study  of  laser  power  depen¬ 
dence,  the  laser  power  was  uniformly  reduced  by  inserting 
quartz  plates  in  the  laser  path.  The  quartz  plates  were  UV 
grade  and  polished  so  that  they  would  presumably  reduce 
the  laser  beam  uniformly,  namely,  the  beam  profile  was  not 
affected  by  the  plates.  Two  parallel  plate  electrodes  made  of 
stainless  steel  of  5  cm  diameter  and  4.5  cm  apart  were  used  to 
monitor  the  number  of  electrons.  A  negative  high  voltage 
was  applied  to  the  cathode.  The  electron  current  induced  by 
the  electron  motion  between  the  electrodes  was  converted 
into  a  transient  voltage  pulse  across  a  resistor  (R  =  100- 
1000  H)  connecting  the  anode  to  ground.  The  transient  vol¬ 
tage  was  monitored  by  a  storage  oscilloscope  (HP  Model 
1727A)  and  photographed  for  permanent  record. 

The  gas  pressure  (250-300  Torr)  in  the  gas  cell  was 
maintained  constant  in  a  slow  flow  system  (flow  rate  about 
20  cm3STP/min).  The  flow  system  reduces  the  buildup  of 
impurities  released  from  walls  or  electrodes  as  well  as  those 
possibly  produced  from  the  photofragments  of  gases.  The 
laser  repetition  rate  was  usually  low  (typically  0.5  Hz),  such 
that  the  gas  replacement  rate  was  fast  enough  and  the  photo- 
fragments  did  not  cause  a  serious  problem.  The  gas  pressure 
was  measured  by  an  MKS  Baratron  manometer.  All  mea¬ 
surements  were  done  at  room  temperature. 

Sulfur  dioxide  (S02)  or  carbon  disulfide  (CS;)  was  dilut¬ 
ed  in  N,  or  CH4  before  introducing  into  the  gas  cell  filled 
with  the  buffer  gas  of  N,  or  CI14.  The  N,  and  CH4  gases 
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(supplied  by  MG  Scientific)  have  minimum  purities  of 
99.998%  and  99.99%,  respectively.  The  S02  supplied  by 
Matheson  has  a  minimum  purity  of  99.98%.  The  CS2  liquid 
(99.9%  purity)  was  supplied  by  MCB  Manufacturing  Chem¬ 
ists,  Inc.  The  CS2  liquid  contained  in  a  stainless  steel  cylinder 
was  pumped  several  heirs  at  dry  ice  temperature  to  remove 
dissolved  impurities  be  fore  its  vapor  was  used  for  experi¬ 
ment.  The  impurity  level  was  believed  to  be  very,  low,  be¬ 
cause  the  experimental  results  were  reproducible  in  spite  of 
the  measurements  carried  out  before  or  after  an  additional 
pumping.  The  impurities  that  possibly  accompanied  CS2  va¬ 
por  should  not  be  more  than  0.1%.  A  diluted  trimethyla- 
mine  (0.05%  in  prepurified  N2  supplied  by  Matheson)  was 
used  for  the  trimethylamine  experiment. 

III.  RESULTS  AND  DISCUSSION 
A.  CS2 

Electrons  produced  by  laser  ionization  of  CS2  were 
monitored  by  the  transient  current  induced  by  electron  mo¬ 
tion  between  the  electrodes.  The  transient  current  was  mea¬ 
sured  by  the  voltage  pulse  across  a  resistor  connecting  the 
anode  to  ground.  The  transient  voltage  pulses  for  CS,-N2 
mixture  at  E/N  =  9.6Td(l  Td  =  10“ 17  V  cm2)  are  shown  in 
Fig.  1,  where  the  laser  energies  were  (a)  1.25,  (b)  1.63,  and  (c) 
2.19  mJ/pulse  in  the  region  between  the  electrodes,  and  the 
pressures  of  CS2  and  N2  were  12  mTorr  and  280  Torr,  re¬ 
spectively. 

As  shown  in  Fig.  1(a),  the  measured  voltage  V(t )  is  al¬ 
most  constant  before  t  =  1.5  /is,  and  after  this  time  the  cur¬ 
rent  starts  to  drop  because  electrons  hit  the  anode.  This  tran¬ 
sient  pulse  was  produced  by  a  low  laser  power,  so  the 
electron  concentration  was  low  and  the  measured  voltage 
was  only  slightly  affected  by  space  charge.  (Figures  1(b)  and 
1(c)  show  the  effect  of  space  charge  and  will  be  discussed 
later.]  For  the  case  of  low  charge  density,  the  number  of 
electrons  produced  by  each  laser  pulse  through  the  TPI  pro¬ 
cess  can  be  described  as8 

TIME  (>us) 


FIG.  1.  The  electron  conduction  pulses  of CS,  at  E/N=  9,6Td,  where  elec¬ 
trons  were  produced  hs  two-photon  ionization  of  12-mTorr  CS.  in  280-Torr 
N.  hulTer  fas  The  Arl  laser  energies  werclal  I  25.  lb)  1  *3,  and  (c)  2. 1 9  nit/ 
pulse  The  electrode  spjeing  w  as  4.5  cm  and  the  extern  esi.ior  was  33011 


A^IO^arJ"  I2(t)dtnAl  /hv ,  (1) 

where  a  (cm4/W)  is  the  TPI  coefficient,  I(W/cm2)  is  the  laser 
J  flux,  n  (cm-5)  is  the  concentration  of  the  photoionized  gas, 
^4  (0.81  cm2)  is  the  laser  beam  size,  I  (5  cm)  is  the  laser  path 
length  between  the  electrodes,  hv  is  the  photon  energy  (J), 
and  T  is  the  laser  pulse  duration. 

The  TPI  coefficient  can  be  determined  from  the  electron 
number  measured,  if  other  quantities  in  Eq.  (1)  are  known. 
The  time  profile  of  the  laser  pulse  (supplied  by  the  laser  man¬ 
ufacture)  is  used  to  determine  J72d/,  which  is  approximated 
by 

f  J2(f)df  =  2/2Af,  (2) 

Jo  , 

where  /,  is  the  laser  flux  at  every  At  —  1  ns.  The  laser  pulse 
width  was  about  10  ns,  and  the  pulse  profile  was  quite  repro¬ 
ducible  as  specified  by  the  manufacture.  From  shot  to  shot, 
the  laser  energy  varied  within  6%.  Since  only  the  central 
portion  of  the  laser  beam  was  used,  the  laser  flux  was  as¬ 
sumed  to  be  spatially  uniform.  This  makes  the  .4  value  in  Eq. 
( 1 )  equal  to  the  laser  beam  size  in  the  central  region  between 
the  electrodes. 

The  number  of  electrons  can  be  determined  from  the 
transient  voltage  as, 

V(t)  =  i(t]Rf(t),  (3) 

where  i(t )  is  the  transient  current  induced  by  electron  mo- 
i  tion,/? istheresistorconnectingtheanodetoground,and/(r ) 
}  is  the  response  of  electronics  which  approaches  unity  when  t 
is  larger  than  the RC constant  (C~3X  10“ 10  F).  The/?  val- 
|  ues  used  in  the  experiment  were  in  the  range  of  100-1000  fi, 

I  corresponding  to  RC  constants  of  (3X  10“8-3x  10-7)  s. 

The  induced  current  depends  on  the  number  of  elec- 
|  trons  Nr  (/ )  and  the  electron  drift  velocity  IF  as' 1 


RESISTANCE  (1000  A) 

FIG.  2.  The  Iwo-pholon-ionizalion  signal  vs  external  resistor  R.  The  data 
were  taken  with  laser  energy  of  3.3  mJ/pulse,  f'/\-  7.1  Td.  (CS.)  =  5 
mTorr,  and  [\\]  =  280  1  orr. 


i(t)  =  eN'(t)W/d,  (4) 

where  d  is  the  electrode  spacing.  In  Eq.  (4),  we  assume  that 
all  electrons  are  in  equilibrium  with  the  gas  in  the  gas  cell. 

Substituting  Eqs.  (2) -(4)  into  (1),  we  have 

F  =  a(enAR  W£  £  I 7  A tl(hvd ) ,  (5) 

* 

where  Fis  measured  at  a  time  sufficiently  long  after  the  laser 
pulse  such  that /(!)—►  1  but  before  the  electrons  hit  the  anode 
such  that  N,  (t )  =  Ne  (0),  namely,  the  F values  were  measured 
at  the  time  shortly  before  electrons  hit  the  anode. 

In  order  to  make  certain  that  the  measured  F  value  was 
not  affected  by  the  response  of  electronics,  we  measured  F  as 
a  function  of  R.  The  results  are  shown  in  Fig.  2,  which  were 
measured  with  a  gas  mixture  of  5  mTorr  CS2  in  280  Torr  N2, 
E/N  =  7. 1  Td,  and  a  laser  energy  of  3  mJ/pulse.  As  shown 
in  Fig.  2,  F is  linearly  dependent  on  R  except  at  R  =  2  X 103 
n,  where  the  measured  F value  is  slightly  lower  than  expect¬ 
ed.  This  result  indicates  that  the  measured  F  values  at 
R  <  1 03  ft  are  not  affected  by  the  response  of  electronics.  The 
dependences  of  F on  other  parameters  (such  as  electron  drift 
velocity,  laser  flux,  and  gas  pressure)  are  further  checked 
below. 

The  electron  drift  velocities  for  various  amounts  of  CS2 
or  S02  in  N,  or  CH4  were  measured  as  a  function  of  E  /N  in 
this  experiment,  in  which  electrons  were  produced  by  irradi¬ 
ating  the  cathode  with  a  KrF  (248  nm)  laser  photons.  (At  this 
wavelength,  the  photon  energy  is  not  enough  to  ionize  CS2 
and  S02  by  the  TPI  process.)  The  electrons  produced  by  the 
cathode  are  well  localized  in  space,  so  that  the  electron  drift 
time  is  well  defined.  The  electron  drift  velocity  is  equal  to  the 
electrode  spacing  divided  by  the  electron  drift  time.  Since  the 
concentrations  of  CS2  and  S02  used  in  the  measurements 
were  so  small  that  the  electron  drift  velocities  we  measured 
for  various  gas  mixtures  were  essentially  the  same  as  that  of 
pure  N2(Ref.l2)  or  CH4(Ref.  13)  gas.  More  quantitatively, 
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FIG.  3.  The  two-photon-ionization  signal  vs  laser  energy  for  CS,  in  N,, 
where  (CS;)  =  4  9  mTorr,  |N;]  -  280  Torr,  £/A  =  7.1  Td,  and  R  --  1000 

II. 
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FIG.  4.  The  two-photon-ionization  signal  vs  laser  energy  for  CS2  in  CH4, 
where  [CS,]  =  7.3  mTorr,  [CH4]  =  250  Torr,  £ /A' =  13.2Td.and£  =  100 
ft. 

the  electron  drift  velocity  shows  on  observable  change  only 
■  when  CS2  in  N2  or  CH4  is  more  than  0.5%.  In  this  experi- 
|  ment,  the  fraction  of  CS2  was  always  smaller  than  0.1%, 
thus,  the  electron  drift  velocity  of  the  gas  mixture  was  not 
different  from  the  buffer  gas. 

The  dependence  of  the  observed  voltage  (which  was 
measured  at  1.5  /zs  as  shown  in  Fig.  1)  on  laser  energy  was 
:  investigated.  The  results  for  CS2  (4.9  mTorr)  in  N2  (280  Torr) 
are  shown  in  Fig.  3,  where  E/N  —  7.1  Td  and  R  —  1000  ft. 
Each  datum  point  in  Fig.  3  represents  a  single  laser  pulse.  At 
j  laser  energies  less  than  3  mJ/pulse,  V  is  linearly  dependent 
on  1 7.  This  indicates  that  electrons  are  produced  by  the  TPI 
process.  At  high  laser  energy,  F  deviates  from  the  1 7  depen¬ 
dence.  The  V  values  decrease  greatly  at  laser  energies  higher 
than  5  mJ/pulse.  The  decrease  is  caused  by  charge  recom- 
|  bination  and  change  of  electron  drift  velocity  which  are  en¬ 
hanced  by  the  space-charge  effect  (see  discussion  later).  As 
noted  before,  the  pulses  shown  in  Figs.  1(b)  and  1(c)  have  two 
maxima.  We  measure  the  F  value  at  the  later  maximum, 
because  it  was  less  affected  by  the  response  of  electronics  and 
the  space-charge  effect. 

Similarly,  the  dependence  of  voltage  on  laser  energy  was 
also  investigated  for  the  gas  mixture  of  CS2  (7.3  mTorr)  in 
CH4  (250  Torr)  as  shown  in  Fig.  4,  where  E  /N  =  1 3.2  Td  and 
R  =  100  ft.  Again,  at  low  laser  energy,  F  is  proportional  to 
/ 2,  and  at  high  laser  energy,  F  decreases  with  increasing  laser 
energy.  This  decrease  is  again  caused  by  charge  recombina¬ 
tion  and  change  of  electron  drift  velocity. 

It  should  be  noted  that  there  was  a  background  signal 
before  CS2  was  added  to  the  buffer  gas  in  the  gas  cell.  The 
background  could  be  from  the  ionization  of  residual  gas  in 
the  cell  and  /or  from  irradiation  of  the  electrodes  by  stray 
laser  light.  The  background  signals  were  about  the  same  for 
both  N2  and  CH4  buffer  gases.  The  background  signal  was 
about  5%  of  the  TPI  signal  of  CS2,  and  was  subtracted  out 
from  the  total  signal.  Thus  the  data  shown  in  Figs.  3  and  4 
are  free  from  the  background  signal.  It  should  also  be  noted 
that  the  laser  energies  shown  in  Figs.  3  and  4  are  the  true 
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FIG.  5.  The  iwo-photon-ionization  signal  vs  CS2  gas  pressure,  where 
[CHJ  =  250  Torr,  E/N  —  1 3.2  Td,  and  R—  100  ft.  (a),  the  laser  energy  in 
the  central  region  between  the  electrodes  is  attenuated  by  CS2;  (b)  the  signals 
in  (a)  are  corrected  such  that  the  laser  energies  are  all  equal  to  3. 1  mJ /pulse 
in  the  central  region  between  the  electrodes. 

laser  energies  at  the  central  region  between  the  electrodes. 
The  window  transmission  (about  90%)  and  the  absorption  of 
CS2  have  been  corrected.  The  photoabsorption  cross  section 
ofCS2at  193  nm  measured  here  is  l.Ox  10“ 16  cm2,  which  is 
smaller  than  the  value  given  by  Rabalais  et.al. 14  by  a  factor  of 
about  2,  but  our  value  is  consistent  with  the  measurement  of 
Suto  and  Lee15  using  synchrotron  radiation  as  a  light  source. 

The  dependence  of  the  TP1  signal  on  CS2  pressure  (in  N2 
or  CH4  buffer  gas)  was  investigated.  As  an  example,  the  re¬ 
sult  of  CS2  in  250  Torr  of  CH4  is  shown  in  Fig.  5(a),  where  E  / 
N  —  13.2  Td,  R  =  100  Cl,  and  the  laser  energy  was  kept  con¬ 
stant  at  3. 1  mJ/pulse.  Due  to  the  attenuation  of  laser  intensi¬ 
ty  by  CS2,  the  laser  energy  in  the  central  region  of  the  gas  cell 
decreases  with  increasing  [CS2].  Thus,  the  observed  voltage 
is  not  linearly  dependent  on  [CS2].  However,  if  the  photoab¬ 
sorption  of  CS2  is  corrected  such  that  the  laser  energies  are 
the  same,  then  the  corrected  V values  become  linearly  depen¬ 
dent  on  [CS2]  as  shown  in  Fig.  5(b).  Thus,  our  results  are 
consistent  with  the  expectation  of  Eq.  (5)  that  V  increases 
linearly  with  n. 

From  the  above  studies  for  the  dependences  of  the  ob¬ 
served  voltages  on  the  response  of  electronics,  the  laser  flux, 
and  the  gas  pressure,  it  is  conclusive  that  the  photoionization 


is  a  two-photon  process,  and  Eq.  (5)  is  applicable  for  the  case 
of  low  charge  density.  Thus,  we  can  measure  the  TPI  coeffi¬ 
cient  using  the  data  taken  at  low  laser  energy  and  low  CS2 
pressure.  It  should  be  noted  that  the  loss  of  electrons  by 
attachment  to  CS2  at  low  pressure  is  negligible.  This  is  justi¬ 
fied  by  the  fact  that  the  transient  pulse  shown  in  Fig.  1(a)  is 
flat  in  the  0— 1.5-/zs  region.  If  the  attachment  process  occurs, 
the  transient  voltage  will  decrease  monotonically  with  time.2 
This  assertion  is  consistent  with  the  fact  that  the  mean  elec¬ 
tron  energies  ( <  1  eV) 16  for  N2  and  CH4  at  E/N<  20  Td  are 
much  lower  than  the  dissociative  electron  attachment 
threshold  for  CS2  (3.09  eV). 17 

The  TPI  coefficients  measured  with  the  CS2-N2  and 
CS2-CH4  gas  mixtures  are  3.4X  10~ 27  and  3. 1 X  10-27  cm4/ 
W,  respectively.  These  values  are  determined  from  the  linear 
slopes  shown  in  Figs.  3  and  4,  corrected  with  the  preabsorp¬ 
tion  of  laser  energy  by  CS2  in  Fig.  5.  These  coefficients  along 
with  the  ionization  potential 18  and  the  single-photon  absorp¬ 
tion  cross  section  of  CS2  at  193  nm  measured  in  this  experi¬ 
ment  are  listed  in  Table  I.  The  TPI  coefficients  measured 
with  various  laser  energies  and  gas  pressures  vary  within  the 
experimental  uncertainty  which  is  estimated  to  be  ±  20%  of 
the  average  a  value  of  3.3  X  10“27  cm4/W.  The  sources  of 
major  experimental  errors  are  (i)  gas  concentration  (5%),  (ii) 
electron  drift  velocity  (10%),  (iii)  laser  flux  (5%),  and  (iv) 
background  signal  (1%). 

The  ionization  potential  of  CS2  is  10.08  eV.18  The  energy 
of  two  ArF  laser  (6.42  eV/photon)  photons  is  only  sufficient 
to  ionize  CS2  into  CS2  +  ,  but  not  energetically  possible  to 
|  produce  other  fragment  ions  such  as  CS+,  S*,  and  S2+.  This 
|  is  different  from  the  observation  of  Seaver  et  al. 19  that  CS* 
was  a  major  ion  and  significant  amounts  of  S'*  ,  S2+  and 
CS2  +  were  produced  from  the  multiphoton  ionization  of  CS2 
at  193  nm  and  266  nm.  In  their  experiments,  the  lasers  were 
focused  and  their  laser  flux  of  1010  W/cm2  was  about  four 
orders  of  magnitude  higher  than  the  flux  used  in  this  experi¬ 
ment.  With  such  a  high  laser  power,  fragment  ions  can  be 
produced  by  the  stepwise  photoabsorption  processes.  In 
each  step  the  absorption  can  be  saturated  (i.e.,  all  molecules 
are  excited)  such  that  the  power  dependence  deviates  from 
1 " ,  where  n  is  the  number  of  photons  that  are  energetically 
possible  to  produce  the  observed  fragment  ion.  For  example, 
it  requires  three  ArF  laser  photons  to  produce  CS+,  but  the 
laser  power  dependence19  is  only  n  =  1.1.  Since  our  laser 
intensity  is  relatively  low  and  the  laser  power  dependence  of 


TABLE  I.  Two-photon-ionizalion  coefficients**  for  CS2,  S02,  and  trimethylamine  at  193  nm.  Ionization  potentials  I.  P.  and  single-photon  absorption  cross- 
sections  <7  at  193  nm  are  also  listed. 
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FIG.  6.  The  two-photon-ionization  signal  vs  laser  energy  for  S02  in  N2  and 
CH„.  In  (a),  [SOJ  =  33.6  mTorr,  [N2]  =  250  Torr,  E/S=  10.8  Td.  and 
R  =  1000  n.  In  (b),  [SOJ  =  32  mTorr,  [CHJ  =  250  Torr,  E/S’  =  10.8  Td, 
and  R  =  330  Cl. 

electrons  produced  is  /  2,  CS2  +  is  believed  to  be  the  major  ion 
in  our  experiment. 

We  have  tested  the  three-photon-ionization  process  us¬ 
ing  KrF  laser  photons  at  248  nm  (5.0  eV).  The  transient  vol¬ 
tage  signal  was  too  small  to  be  detectable.  The  upper  limit  of 
the  three-photon-ionization  coefficient  of  CS2  at  248  nm  was 
estimated  to  be  7x  10“ 39  cm6/W2. 

B.  SO2 

The  transient  voltages  produced  by  two-photon  ioniza¬ 
tion  of  SO,  by  various  ArF  laser  energies  are  shown  in  Fig.  6.  j 
The  data  were  taken  with  [SOJ  =  33.6  mTorr,  [NJ  =  250  I 
Torr,  E/N=  10.8  Td,  and  R  =  1000  ft  for  Fig.  6(a),  and 
with  [SO,]  =  32  mTorr,  [CHJ  =  250 Torr,  E/N  —  10.8  Td, 
and  R  =  330  ft  for  Fig  6(b).  In  both  cases,  the  transient  vol- 


FIG.7.  The  two-photon-ionization  signal  vs  S02  gas  pressure,  where 
[NJ  =  250  Torr,  E/S'-  10.8  Td,  and  R  =  1000  0.  The  signals  in  (b)  arc 
corrected  from  lai  such  that  the  laser  energies  at  the  central  region  between 
the  electrodes  are  all  equal  to  7.21  mJ/pulse. 


tages  increase  with  the  square  of  laser  energy.  This  result 
again  shows  that  electrons  are  produced  by  the  TPI  process. 
In  contrast  to  CS2,  there  is  no  space-charge  effect  occurring 
,  at  high  laser  energy,  because  the  TPI  coefficient  of  S02  is  so 
small/that  the  charge  density  is  always  low. 

The  dependence  of  the  TPI  signal  on  the  S02  pressure  is 
j  shown  in  Fig.  7(a),  where  [NJ  =  250  Torr,  E/N  =  10.8  Td, 

1  laser  energy  =  7.21  mJ/pulse,  and  R  =  1000  ft.  Similar  to 
.  the  case  of  CS2,  the  TPI  signals  do  not  increase  linearly  with 
1  increasing  [SOJ,  because  the  laser  energy  is  preabsorbed  by 
S02.  The  absorption  cross  section  measured  at  193  nm  is 
.  9.0x10“ 18  cm2,  which  is  comparable  with  the  published 
value.20  If  the  laser  energy  is  corrected,  the  voltages  pro¬ 
duced  by  a  same  laser  energy  of  7.21  mJ/pulse  are  shown  in 
Fig.  7(b).  The  voltages  increase  linearly  with  increasing 
[SOJ  as  expected  from  Eq.  (5).  The  electron  attachment  to 
S02  is  negligible,  because  the  electron  energy  in  N2  or  CH4 
( <  1  eV)16  is  too  low  to  make  the  electron  attachment  occur. 

,  The  threshold  energy  for  the  dissociative  electron  attach¬ 
ment  process  of  S02  is  about  3.5  eV.21 

The  TPI  coefficients  measured  with  the  S02-N2  and 
S02-CH4  mixtures  are  8.6X  10"30  and  8.0X  10“30  cm4/W, 
respectively.  These  values  along  with  ionization  poten¬ 
tial22,23  and  absorption  cross  section  are  listed  in  Table  I.  The 
values  measured  at  various  laser  energies  and  gas  pressures 
vary  within  experimental  uncertainty  which  is  estimated  to 
be  ±  20%  of  the  average  a  value  of  8.3  X  10“30  cm4/W. 
This  coefficient  is  more  than  two  orders-of-magnitude 
smaller  than  that  of  CS2.  The  experimental  error  caused  by 
the  background  signal  is  higher  than  that  of  CS2.  However, 
the  overall  experimental  uncertainties  are  not  much  differ¬ 
ent  for  both  molecules,  because  the  experimental  error  for 
the  background  signal  is  small  when  compared  with  other 
errors. 

C.(CH,),N 

In  order  to  compare  with  the  earlier  measurement,  the 
TPI  coefficient  of  trimethylamine  was  also  measured  in  this 
experiment.  For  low  laser  energy,  the  voltages  increase  with 
the  square  of  laser  energy  as  expected.  The  dependence  of  the 


FIG.  8.  The  two- phot  on -ionization  signal  vs  trimethylamine  pas  pressuic, 
where  (N’-j  .  2X0  Torr,  /;‘/A  -  7.06 1  d.  H  —  Umj  11.  and  the  laser  cnrrpy 
of  2.06  mJ/pulst . 
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transient  voltage  on  the  trimethylamine  pressure  is  shown  in 
Fig.  8.  The  trimethylamine  pressures  are  so  low  that  the 
preabsorption  of  laser  energy  is  negligible  and  the  voltages 
increase  linearly  with  gas  pressure. 

The  measured  a  value  is  1.7 X  10-27  cm4/W  as  listed  in 
Table  1  where  the  ionization  potential24  and  the  absorption 
cross  section8  are  also  li  ;ted.  The  current  a  value  agrees  very 
well  with  the  earlier  measurement8  of  1.5  X  10-27  cm4/W, 
despite  that  these  two  measurements  were  carried  out  by 
different  methods.  In  the  earlier  experiment8  the  ion  current 
was  measured,  and  in  this  experiment  we  measured  the  num¬ 
ber  of  electrons.  The  good  agreement  indicates  that  the  pres¬ 
ent  method  is  reasonably  reliable. 

It  is  of  interest  to  note  that  at  193  nm,CS2  has  a  TPI 
coefficient  higher  than  trimethylamine  by  a  factor  of  2. 
Thus,  similar  to  trimethylamine,  CS2  is  also  a  good  candi¬ 
date  for  producing  high-electron  density  in  laser-controlled 
switches. 

D.  Charge  recombination 

It  was  observed8  that  at  high  laser  energy  the  ion  current 
produced  by  two-photon  ionization  of  trimethylamine  was 
smaller  than  the  value  calculated  from  the  I2  dependence  (see 
Fig.  3  in  Ref.  8).  The  decrease  of  ion  current  was  attributed8 
to  charge  recombination.  This  process  was  further  studied  in 
a  short  time  scale  by  monitoring  the  number  of  electrons 
between  the  electrodes.3  It  was  found  that  the  electrons  and 
ions  in  the  plasma  fronts  initially  drifted  apart  by  the  applied 
field  could  form  a  quasidipole  to  induce  an  internal  electric 
field  opposite  the  applied  field.  Depending  on  the  charge 
density,  the  induced  field  could  be  large  enough  to  suppress 
the  applied  field.  Once  the  total  electric  field  in  the  plasma 
region  is  reduced,  the  electron-ion  recombination  rate  in¬ 
creases.  This  space-charge  effect  gives  a  reasonable  explana¬ 
tion  for  the  decreases  of  ions  and  electrons  observed  in  the 
experiments  of  trimethylamine.3-8 

The  space-charge-induced  charge  recombination  pro¬ 
cess  was  again  observed  in  the  CS2-N2  gas  mixture.  Figure 
1(a)  shows  a  slight  decrease  in  the  central  portion  of  the 
pulse.  This  minimum  becomes  more  obvious  in  Figs.  1  (b)  and 
1(c)  when  the  laser  energy  increases  from  1.25  mJ/pulse  in 
Fig.  1(a)  to  1.63  mJ/pulse  in  Fig.  1(b),  and  to  2.19  mJ/pulse 
in  Fig.  1  (c).  When  the  laser  energy  further  increases,  the  min¬ 
imum  can  even  change  sign  to  positive. 

Similar  results  were  observed  in  the  CS2-CH4  gas  mix¬ 
tures  as  shown  in  Fig.  9,  where  [CS2]  =  7.2  mTorr, 
[CH4]  =  257  Torr,  and  laser  energies  were  2.6,  5.5,  and  8.0 
mJ/pulse  for  Figs.  9(a),  9(b),  and  9(c),  respectively.  The  vol¬ 
tages  of  the  first  peak  at  a  short  time  after  the  laser  pulse 
increase  with  laser  energy.  But  the  second  peak  first  in¬ 
creases  with  laser  energy,  and  then  decreases  at  high  laser 
energy.  (The  laser  energy  dependences  of  the  voltage  for  the 
second  peak  are  shown  in  Figs.  3  and  4.)  The  minimum  in  the 
centra]  portion  of  each  pulse  becomes  deeper  as  the  laser 
energy  is  sufficiently  large.  The  voltage  even  changes  sign 
when  the  laser  energy  is  large  enough  as  shown  in  Fig.  9(c). 
The  voltage  (or  current)  reverse  means  that  the  majority  of 
electrons  move  toward  the  cathode  instead  of  moving  to¬ 
ward  the  anode  by  the  applied  field. 


1  FIG.  9.  The  transient  voltage  pulses  produced  by  the  two-photon-ioniza¬ 
tion  of  CSj  in  CH4,  where  [CS2]  =  7.3  mTorr,  E  /N  =  1 3. 1  Td,  R  =  100  ft, 
and  [CH4]  =  257  Torr.  The  laser  energies  were  (a)  2.6,  (b)  5.5,  and  (c)  8.0 
mJ/pulse. 

The  current  reverse  has  been  observed  in  an  earlier  tri¬ 
methylamine  experiment.3  This  current  reverse  is  likely 
caused  by  the  space-charge  effect,  which  will  be  described  in 
detail  in  another  paper.  Here  we  present  a  brief  scheme  to 
explain  the  observed  phenomena.  The  first  peak  in  Fig.  9(c) 
was  produced  by  the  electrons  initially  produced  by  laser 
ionization  and  drifted  in  the  applied  field.  As  soon  as  elec¬ 
trons  move,  the  electrons  and  the  ions  in  the  opposite  plasma 
fronts  form  a  quasidipole  that  produce  an  internal  electric 
field  in  the  direction  opposite  to  the  applied  field.  The  total 
electric  field  in  the  plasma  region,  which  is  equal  to  the  sum 
of  the  applied  field  and  the  space-charge-induced  field,  is 
thus  reduced  so  that  the  electron  drift  velocity  decreases. 
This  explains  the  voltage  decrease  after  the  first  peak. 

The  space-charge-induced  electric  field  depends  on  the 
charge  density.  If  the  charge  density  is  high  enough,  the  in¬ 
duced  field  at  some  instant  can  be  so  large  that  it  over  sup¬ 
presses  the  applied  field.  Namely,  the  total  electric  field  can 
be  in  the  direction  opposite  to  the  applied  field  such  that  the 
majority  of  electrons  (which  include  the  electrons  both  in¬ 
side  and  outside  the  plasma  region)  move  toward  the  cath¬ 
ode.  This  explains  the  change  of  voltage  sign  from  negative 
to  positive  (current  reverse)  as  shown  in  Fig.  9(c).  As  time 
proceeds,  the  charges  in  the  plasma  region  may  be  lost  by 
charge  recombination  and  the  space-charge-induced  field 
may  be  weakened  by  a  large  separation  of  charges,  thus  the 
majority  of  electrons  move  toward  the  anode  again.  This 
explains  the  appearance  of  the  second  peak.  After  those  elec¬ 
trons  originally  in  the  plasma  front  reach  the  anode,  the  cur¬ 
rent  is  dominated  by  the  electrons  in  the  plasma  region  that 
still  move  toward  the  cathode.  This  causes  the  change  of 
voltage  sign  again  from  negative  to  positive  (current  reverse) 
after  the  second  peak  as  shown  in  Figs.  9(b)  and  9(c).  (These 
results  indicate  that  electrons  carry  a  sufficient  inertia  mo¬ 
mentum  such  that  they  do  not  respond  instantaneously  with 
the  change  of  electric  field.)  The  long  decay  time  of  the  posi¬ 
tive  voltages  as  shown  in  Figs.  9(b)  and  9(c)  suggests  that  the 
loss  of  electrons  is  due  to  the  charge  recombination  process. 
Although  this  scheme  explains  the  observed  current  reverse 
qualitatively  well,  quantitative  analysis  to  support  this  claim 
is  necessary  and  will  be  studied  further. 

In  the  measurement  of  the  TPI  coefficients  ,  the  space- 
charge  effect  was  kept  as  low  as  possible.  This  was  accom- 


plished  by  keeping  the  charge  density  low  or  increasing  the 
applied  electric  field.  The  linear  portions  shown  in  Figs.  3, 4, 
and  6  obey  the  TPI  process  of  square-laser-power  depen¬ 
dence,  so  the  observed  voltages  are  presumably  free  from  the 
space-charge  effect.  The  TPI  coefficients  measured  under 
such  conditions  shouk  be  independent  of  E/N  applied, 
which  were  confirmed  in  our  experiments. 

IV.  CONCLUDING  REMARKS 

The  two-photon-ionization  coefficients  of  CS2,  S02,  and 
(CH3)3N  have  been  measured  by  observing  the  transient  cur¬ 
rent  induced  by  electron  motion  in  high-pressure  buffer  gas 
(N2  or  CH4).  The  dependence  of  the  number  of  electrons  on 
laser  energy  and  gas  concentration  was  investigated.  At  low 
charge  density,  the  transient  voltage  is  proportional  to  gas 
pressure  and  the  square  of  laser  energy.  This  shows  that  the 
charges  are  produced  by  a  two-photon-ionization  process 
whose  coefficients  are  reported  in  this  paper.  At  high  charge 
density,  the  transient  voltage  is  reduced  by  charge  recombin¬ 
ation  whose  reaction  rate  is  enhanced  in  the  presence  of 
space  charge. 
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The  attachment  of  electrons  to  H20  in  Ar,  N,  or  CH4  is  investigated  using  a  parallel-plate  drift- 
tube  apparatus.  Electrons  are  produced  either  by  irradiation  of  the  cathode  with  ArF  laser 
photons  or  by  two-photon-ionization  of  a  trace  of  trimethylamine  in  a  buffer  gas.  The  transient 
voltage  pulses  induced  by  the  electron  motion  between  the  electrodes  are  observed.  The  electron 
attachment  rate  of  H20  is  determined  from  the  ratio  of  transient  voltage  with  and  without  H20 
added  to  the  buffer  gas.  The  measured  electron  attachment  rate  constants  of  H20  in  Ar  increase 
with  E/N  from  2  to  15  Td.  Electron  attachment  due  to  the  formation  of  “temporary”  negative 
ions  in  the  H20-N2  and  H20-CH4  mixture  were  observed.  The  lifetime  of  the  negative  ion  was 
determined  to  be  about  200  ns,  whose  nature  is  discussed.  The  “apparent”  electron  attachment 
rate  constants  for  the  formation  of  “temporary”  negative  ions  in  the  H20-CH4  gas  mixture  are 
measured  for  E/N  from  1  to  20  Td.  The  electron  drift  velocities  for  the  gas  mixtures  of  H20  in 
various  buffer  gases  are  measured. 


I.  INTRODUCTION 

Recent  advances  in  pulse-power  technology  indicate' 
that  opening  switches  are  needed  for  further  developing  a 
magnetic  energy  storage  system.  The  inductive  energy 
storage  is  preferable  to  the  capacitive  storage  because  the 
energy  density  in  the  inductive  system  is  much  higher 
(some  102— 103  times)  than  the  capacitive  system.2  Opening 
switch  requires  a  fast  decay  of  conduction  current  which 
could  be  achieved  by  attaching  electrons  to  electronegative 
gases  mixed  in  a  buffer  gas. 1  Thus,  the  electron  attachment 
rates  for  various  gas  mixtures  are  needed  for  the  develop¬ 
ment  of  this  type  of  discharge  switch.  Our  study  of  the 
electron  attachment  due  to  a  small  amount  of  H20  in  Ar, 
N2,  and  CH4  is  reported  in  this  paper. 

The  dissociative  electron  attachment  process  of  water 
vapor  has  been  studied  extensively  by  the  swarm  meth¬ 
od3-10  and  the  electron-beam  method. 1 1  The  predominant 
negative  charged  species  are  H~  and  O  ions  with  the  on¬ 
set  energies  of  about  5.5  and  4.9  eV,  respectively.12,13  Be¬ 
cause  these  onset  energies  are  high,  the  density-reduced 
electric  field,  E  /N,  in  pure  HzO  must  be  larger  than  40  Td 
(lTd  =  10“  l7Fcm2)  in  order  to  have  electron  attachment 
occur.  The  E  /N  can  be  lower  if  At  buffer  gas  is  used,  be¬ 
cause  for  same  E/N  the  electron  energy12  in  Ar  is  higher 
than  in  H20.  Earlier  studies  on  the  electron  attachment 
have  been  summarized  by  Gallagher  et  al.u  Herein  we  re¬ 
port  additional  measurements  on  electron  attachment 
rates  for  the  dissociative  attachment  process  of  H20  in  Ar 
at  varied  electric  fields. 

Bradbury  and  Tatel15  observed  an  electron  attachment 
in  water  vapor  at  low  electron  energy  (less  than  1  eV),  The 
attachment  probability  increases  with  the  H:0  concentra¬ 
tion,  [H20],  and  decreases  with  increasing  E  /N.  A  similar 
result  was  later  reported  by  Kuffel.3  The  attachment  is  at¬ 
tributed  to  nondissociative  process  that  leads  to  the  forma¬ 
tion  of  negative  ion.  However,  no  long-lived  H20“  ions 
were  observed  by  several  other  works.7,1012 16  This  discrep¬ 
ancy  could  be  reconciled  if  there  exits  a  short-lived  negative 
ion,  as  suggested  by  Hurst  et  a/.17"1  From  our  observations 
we  conclude  that  this  short-lived  negative  ion  does  exist,  as 


evident  by  electrons  being  attached  by  H20  in  N2  or  CH4  at 
low  E  /N. 

In  this  work,  we  applied  a  relatively  new  method19  to 
investigate  the  electron  attachment  in  mixtures  of  water 
vapor  in  Ar,  N2,  and  CH4.  The  mean  electron  energies  in 
the  buffer  gases  decrease  in  the  order  of  Ar,  N2,  and  CH4  at 
each  fixed  E  /N.  For  example,  the  mean  electron  energies  at 
E/N  =  1.2  Td  are  2.53,  0.35,  and  0.11  eV  for  Ar,  N2,  and 
CH4,  respectively.12  Thus,  we  were  able  to  study  the  elec¬ 
tron  attachment  process  of  water  vapor  over  a  wide  range 
of  electron  energies  (0.1-10  eV). 

II.  EXPERIMENT 

In  this  experiment,  electrons  were  produced  by  irradia¬ 
tion  of  the  cathode  with  ArF  laser  photons  which  has  a 
pulse  duration  of  about  10  ns.  The  laser  pulses  are  quite 
uniform  in  both  the  spatial  and  temporal  distribution  of 
photon  fluxes.  For  the  study  of  the  H20-N2  mixture,  elec¬ 
trons  were  also  produced  by  two-photon  ionization  (TPI)  of 
a  trace  of  trimethylamine  present  in  the  buffer  gas  using 
ArF  laser  photons.  The  experimental  set-up  has  been  dis¬ 
cussed  in  detail  in  a  previous  paper.19  Briefly,  the  gas  cell  is 
a  6-in.  six-way  aluminum  cross.  The  electrodes  are  two 
parallel  stainless  steei  plates  of  5  cm  in  diameter  and  3.7  cm 
apart.  The  energy  of  ArF  laser  pulse  (Lumonics  Model 
86 IS)  was  monitored  by  an  energy  meter  (Scientech  Model 
365).  A  negative  high  voltage  was  applied  to  the  cathode. 
The  conduction  current  induced  by  the  electron  motion 
between  the  electrodes  was  observed  as  a  transient  voltage 
pulse  across  a  resistor  (220-1000  fl )  connecting  the  anode 
to  ground.  The  transient  pulse  was  monitored  by  a  275 
MHz  storage  oscilloscope  (HP  Model  1727A).  Each  single 
transient  pulse  was  stored  in  the  oscilloscope  which  was 
later  photographed  for  a  permanent  record.  This  experi¬ 
mental  method  is  similar  to  that  used  by  Verhaart  and  Van 
der  Laan,20  Christophoru  et  a/.,21  and  Aschwanden,22  for 
the  electron  ionization  and  electron  attachment  measure¬ 
ments. 

The  gas  pressure  in  our  gas  cell  was  maintained  constant 
in  a  slow  flow  system  (flow  rate  —  20  cm3  STP/min).  The 
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flow  system  reduces  the  buildup  of  impurities  released 
from  walls  and  electrodes  as  well  as  those  produced  from 
the  photofragments  of  gases.  The  gas  pressure  (in  the  range 
of  200-500  Torr)  was  measured  by  an  MKS  Baratron  ma¬ 
nometer.  All  measurements  were  done  at  room  tempera¬ 
ture. 

The  Ar,  N2,  and  CH4  gases  (supplied  by  MG  Scientific) 
have  minimum  purities  of  99.998%,  99.998%,  and 
99.99%,  respectively.  To  produce  electrons  by  the  TPI 
method,  a  diluted  trimethylamine  (0.05%)  in  prepurified 
nitrogen  (supplied  by  Matheson)  was  used.  All  these  gases 
were  admitted  to  the  gas  cell  without  further  purification. 
The  water  vapor  was  carried  by  Ar,  N2,  or  CH4  into  the  gas 
cell.  The  concentration  of  H20  was  determined  from  the 
ratio  of  water  vapor  pressure  (25  Torr  at  26°  C)  to  the  pres¬ 
sure  of  carrier  gases  ( >  1  atm).  In  order  to  remove  the  oxy¬ 
gen  dissolved  in  the  water,  the  water  in  a  container  was 
pumped  periodically  for  several  days  before  the  water  va¬ 
por  was  used  for  the  experiment.  The  partial  pressure  of 
H20  used  in  the  experiment  ( <  5  Torr)  was  smaller  than  the 
water  vapor  pressure  at  room  temperature.  The  carrier  gas 
bubbled  through  the  water,  and  the  flow  rate  was  kept  low 
so  that  the  equilibrium  between  the  gas  and  the  liquid  of 
water  exists  in  the  water  container.  To  ensure  that  the  H20 
concentrations  used  to  determine  the  rate  constants  are 
correct,  we  have  also  used  a  premixed  gas  mixture  of  H20 
(271  ppm)  in  Ar  (supplied  by  Matheson)  for  the  experiment. 
The  attachment  rate  constants  measured  from  both  the 
premixed  gas  mixture  and  our  water  container  are  the 


III.  ANALYSIS  METHOD 

The  method  for  the  analysis  of  the  data  has  been  de¬ 
scribed  in  the  previous  paper.19  In  brief,  the  current23  in¬ 
duced  by  the  electron  motion  is  expressed  as 

i(t )  =  eNt  W/d,  (1) 

where  Ne  is  the  number  of  electrons  between  the  elec¬ 
trodes,  W  is  the  electron  drift  velocity,  and  d  is  the  elec¬ 
trode  spacing. 

When  water  vapor  is  added  to  the  gas  cell,  electron  at¬ 
tachment  by  water  molecules  occurs,  and  current  becomes 

/'(/)  =  eN't  W  'e~v/d,  (2) 

where  va  is  the  electron  attachment  rate  of  water  vapor. 
Since  the  absorption  coefficient  of  H20  at  193  nm  (ArF 
laser  wavelength)  is  too  small  to  attenuate  the  laser  intensi¬ 
ty,  is  essentially  equal  to  Ne  if  the  laser  power  is  con¬ 
stant. 

The  current  is  converted  to  transient  voltage  by 
V{t)=f(t)i(t)R,  (3) 

where  R  is  the  resistor  connecting  the  anode  to  the  ground 
and /(/ )  is  the  response  function  of  the  detection  system  that 
approaches  constant  as  t>RC  ( — 60  ns).  The  logarithm  of 
the  ratio  of  the  voltages  with  and  without  water  vapor  is 
thus 

In iV'/V)  =  ln(Ar;  W7N,  IV)  -  vat.  (4) 

For  an  atmospheric  pressure  and  a  relative  low  value  of 


E  /N,  electrons  can  reach  an  equilibrium  state  in  a  very  short 
time.  Thus,  W and  W'  can  be  practically  considered  as  con¬ 
stant  except  for  those  electrons  near  the  electrodes.  ( At  an  Ar 
pressure  of  400  Torr  and  an  electric  field  of  100  V/cm,  the 
relaxation  time23  for  reaching  an  equilibrium  is  about  10  ns.) 
For  t  <d /W  (ord/fV'),  Ne  (or  Ne ')  is  a  constant  except  for 
the  beginning  of  the  pulse  where  some  electrons  diffuse  back 
to  the  cathode.23  Therefore,  after  a  reasonable  time,  the  first 
term  of  Eq.  (4)  is  independent  of  time,  that  is,  the  V{t )  is 
nearly  constant.  The  plot  of  ln(  V'/V)vst  thus  gives  the  elec¬ 
tron  attachment  rate  v„ . 

In  the  absence  of  water  vapor,  no  attachment  occurs. 
However,  even  if  a  small  attachment  due  to  impurities  in 
the  buffer  gas  does  occur,  the  attachment  can  be  included 
in  the  background  and  does  not  show  in  Eq.  (4),  namely,  the 
measured  va  value  is  only  due  to  the  gas  added  (H20  in  this 
case). 

When  the  electrons  are  produced  from  the  laser  irradia¬ 
tion  of  cathode,  the  electron  drift  velocity  is  equal  to  d /T, 
where  T  is  the  electron  drift  time  between  the  electrodes 
which  can  be  determined  from  the  transient  voltage  wave¬ 
form.  In  this  experiment  the  mean  electron  drift  time  (0.4-4 
/is)  is  much  longer  than  the  duration  of  laser  pulse  ( — 10  ns), 
so  the  electrons  are  essentially  all  produced  at  t  =  0.  The 
effects  of  longitudinal  and  transverse  electron  diffusion  on 
the  measurements  are  neglected,  since  the  gas  pressures  used 
in  this  experiment  are  quite  high.  For  example,  the  NDL 
value24-26  for  Ar  in  the  present  E/N  region  is  about 
1.5  X  1022  cm-1  s-1.  For  an  Ar  pressure  of  200  Torr  and  an 
electron  drift  time  of  1  /is,  the  electron  diffusion  width 
(■Jl DLt )  is  only  about  0.07  cm.  This  is  much  smaller  than 
the  separation  of  electrodes  (d  =  3.7  cm).  Therefore,  the  dif¬ 
fusion  effect  is  not  significant  and  is  negligible  in  the  data 
analysis.  In  any  case,  the  diffusion  effect  does  not  affect  the 
measurement  of  electron  attachment  rate  constants,  al¬ 
though  it  may  slightly  affect  the  electron  drift  velocity  mea¬ 
surements. 

If  trimethylamine  is  used  to  produce  electrons27  as  in 
the  study  of  the  H20-N2  mixture,  equal  amounts  of  elec¬ 
trons  and  ions  are  produced  by  the  TPI  process  in  space. 
Since  ions  move  much  slower  than  electrons,  ions  can  be 
considered  as  stationary  in  the  time  scale  of  interest,  and  Eq. 
(4)  will  thus  be  applicable  in  this  case  too.  Nevertheless,  the 
charge  density  should  be  kept  low  to  avoid  the  space  charge 
effect  due  to  the  charge-induced  field.2*  For  this  case,  the 
electron  conduction  current  is  very  sensitive  to  the  laser 
power  fluctuation,  because  Ne  is  proportional  to  / 2,  where  / 
is  the  laser  intensity.  The  concentration  of  trimethylamine 
used  in  the  experiment  is  usually  small  ( <  1  mtorr),  so  its 
electron  attachment  rate  is  negligible  (actually,  the  attach¬ 
ment  due  to  trimethylamine  is  included  in  the  background 
signal). 

IV.  RESULTS 
A.  H20-Ar  mixture 

The  electron  transient  waveform  V{t )  for  the  electron 
motion  in  200  Torr  of  Ar  at  E/N  =  14.5  Td  is  shown  in  Fig. 
1(a).  The  pulse  is  a  single  shot,  but  it  is  a  representative  for 
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the  means  of  several  subsequent  shots.  From  shot  to  shot,  the 
pulse  amplitudes  vary  within  10%.  This  variation  is  mainly 
caused  by  the  fluctuation  of  laser  energy.  Nevertheless,  the 
pulse  shape  is  very  reproducible,  which  meets  the  require¬ 
ment  for  our  measurements. 

The  voltage  shown  in  Fig.  1  (a)  decreases  rapidly  after  the 
first  peak,  which  is  due  to  the  loss  of  electrons  by  back 
diffusion  to  the  cathode.25  The  voltage  approaches  a  nearly 
constant  value  as  electrons  move  away  from  the  cathode. 
The  V  (r )  starts  to  drop  when  electrons  arrive  at  the  anode. 
The  time  that  V[t )  starts  to  drop  is  used  to  measure  the  drift 
time  T.  The  amplitude  shows  a  slight  increase  before  it 
drops.  This  may  be  caused  by  the  electrode  effect,  namely, 
electrons  are  accelerated  more  by  the  image  charges  when 
they  move  close  to  the  anode.  Since  the  gas  pressure  is  high 
(200-400  Torr),  the  effect  of  electron  diffusion  is  not  large 
as  stated  before,  and  it  may  not  affect  the  T  value  more  than 
10%.  The  electron  drift  velocity  in  both  the  pure  Ar  gas 
and  the  H20~Ar  mixture  as  a  function  of  E  /N  are  plotted 
in  Fig.  2.  For  pure  Ar,  our  measured  drift  velocities  are 
smaller  than  the  published  data, 25,29,30  which  are  also  plot¬ 
ted  in  Fig.  2  for  comparison.  The  data  of  Hurst  et  al .5  for 
the  Ar  +  H20  mixtures  are  also  plotted  in  Fig.  2,  which  are 
consistent  with  our  measurements.  Our  data  may  be  affect¬ 
ed  by  the  large  electrical  noise  created  by  the  laser  dis¬ 
charge.  The  uncertainty  for  the  t  =  0  point  is  about  20  ns 
that  may  introduce  an  uncertainty  of  about  5%  for  the 
measured  electron  drift  velocity. 

When  0.073  Torr  of  H20  is  admitted  to  Ar  at  the  same 
experimental  condition  of  Fig.  1(a),  the  pulse  duration  and 
the  amplitude  decrease  as  shown  in  Fig.  1(b).  The  shortening 
of  pulse  duration  indicates  the  increase  of  electron  drift  ve¬ 
locity  and  the  decrease  of  amplitude  is  caused  by  the  electron 
attachment  to  water  vapor.  (The  electron  drift  velocities 
when  adding  H20  to  Ar  at  varied  E /N are  shown  in  Fig.  2.) 
The  first  peak  in  Fig.  1(b)  is  higher  than  that  in  Fig.  1(a), 
which  again  indicates  the  increase  of  electron  drift  velocity 
when  H20  is  added  to  Ar.  In  fact,  the  amplitudes  of  the  first 
peak  at  various  water  vapor  concentrations  are  found  to  be 
linearly  dependent  on  the  electron  drift  velocity  as  expected 
from  Eq.  (4)  for  /~0. 

Time  (// s) 


FIG.  I.  The  transient  voltage  waveforms  produced  from  the  electron  mo- 
tion  in  200  Torr  of  Ar  (a|  without  H.O  and  (b)  with  0  073  Torr  of  H.O.  The 
electrons  were  produced  from  irradiation  of  the  cathode  by  ArF  laser  pho¬ 
tons.  The  £/JVwas  fixed  at  14,5  Td,  the  electrode  spacing  was  3.7  cm,  and 
the  external  resistor  was  510/2. 
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FIG.  2.  The  electron  drift  velocities  as  a  function  of  E/N  for  the  gases  with¬ 
out  (T)  and  with  0.15%  of  H,0  (•)  in  Ar,  The  electron  drift  velocity  in¬ 
creases  when  H20  is  added  to  Ar.  The  data  given  by  Hrrett  (d  and  Nielson 

(▲ )  for  pure  Ar  and  Hurst  et  al.  for  [H2OJ/[Ar]  =  0( — ),  0. 1 37%  ( - ),  and 

0.25%  | - )  are  plotted  for  comparison. 

The  flat  portion  (1  <t<3.3//s)  in  Fig.  1(a)  indicates  that 
the  number  of  electrons  drifting  in  space  are  constant  and 
their  drift  velocities  reach  an  equilibrium,  namely,  Ne  W 
=  const.  The  decrease  of  the  voltage  in  the  flat  portion  due 
to  the  addition  of  H20  can  thus  be  used  for  the  measurement 
of  electron  attachment  rate.  During  the  period  of  the  flat 
portion,  the  first  term  in  Eq.  (4)  is  independent  of  time  and 
the  plot  of  Inf  V'{t  )/V{t )]  vs  /gives  va .  The  ratio  of  F'(f  )/V(t ) 
at  E  /N  =  1.45  Td  for  with  and  without  0.024,  0.048,  and 
0.073  Torr  of  HzO  in  Ar  are  plotted  in  Figs.  3(a),  3(b),  and 
3(c),  respectively.  It  is  worth  noting  that  the  extrapolated 
value  of  F'/ Fat  t  =  0  increase  with  increasing  H20  concen¬ 
trations.  This  is  caused  by  the  increase  of  electron  drift  veloc¬ 
ity  when  H20  is  added  to  Ar  as  stated  before.  As  shown  in 
Fig.  3,  ln(F'/K)  is  linearly  dependent  on  t,  and  the  electron 
attachment  rate  va  is  obtained  from  the  slope. 

The  results  for  va  /[H2OJ  as  a  function  of[H20]/(Ar]  are 
shown  in  Fig.  4.  At  a  fixed  E  /N,  the  va  /[H20]  values  de¬ 
crease  with  increasing  [H2OJ/[Ar],  which  is  likely  caused5 
by  the  effect  of  HzO  on  the  electron  energy  distribution  in 
Ar.  That  is,  an  increase  in  [H20]/[Ar]  will  decrease  the 
number  of  electrons  in  the  energy  range  where  the  dissocia¬ 
tive  attachment  process  will  take  place.  The  attachment 


Time  ( >xs ) 

FIG.  3.  The  ratios  of  (he  transient  voltages  measured  with  and  without  H.O 
in  200  Torr  of  Ar,  V'/V,  as  a  function  of  the  clasped  time  after  laser  pulse. 
The  [H.O]  are:  (a)  0.024  Torr.  |b)  0.048  Torr,  and  (c)  0.073  Torr.  The  E /N 
was  fixed  at  14.5  Td. 
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FIG.  4.  The  v./(H20]  values  as  a 
function  of  [H20]/[Ar]  for  various 
applied  E /N. 
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rate  constants  increase  with  increasing  E/N  at  a  constant 
[H20]/[Ar]. 

The  extrapolated  value  of  va  /[H20]  at  [H20]  =  0,  (va  / 
[H2O])0,  is  associated  with  the  electron  energy  distribution  in 
pure  Ar.  The  electron  attachment  rate  constants,  (va/ 
[H20])o,  as  a  function  of  E  /N  are  shown  in  Fig.  5.  No  mea¬ 
surements  were  made  below  E  /N  =  2.5  Td,  because  at  lower 
E  /N  the  signal  levels  of  V[t)  were  too  low  to  measure  the 
attachment  rates  with  certainty.  The  onset  for  the  electron 
attachment  rate  constant  is  estimated  (from  the  data  shown 
in  Fig.  5)  to  be  at  E/N <  2  Td.  This  result  is  consistent  with 
the  measurement  of  Hurst  el  a/.5  that  the  onset  is  at  E  / 
N  —  1.2  Td.  However,  the  data  of  Hurst  et  al.5  (in  the  E/ 
N  =  1-3  Td  region)  do  not  join  smoothly  with  the  present 
data.  A  comparison  is  made  in  Sec.  V. 

At  high  E  / N ,  the  attachment  rate  constants  do  not  in¬ 
crease  as  fast  as  those  at  low  E  /N  as  shown  in  Fig.  5.  This 
may  be  accounted  for  by  the  fact  that  the  mean  electron 
energy  in  Ar  does  not  increase  at  high  E/N.12  In  addition, 
ionization  may  take  place  at  high  E  /N  which  may  interfere 
with  the  measurement  of  the  electron  attachment  rate  con¬ 


stant.  For  these  reasons,  we  limited  our  measurements  to 
E  /N  less  than  1 5  Td. 

In  order  to  check  the  H20  concentrations,  as  well  as  to 
avoid  the  problem  of  impurities  which  may  be  dissolved  in 
water,  the  experiments  were  repeated  using  a  premixed  gas 
mixture  of  271  ppm  H20  in  Ar  as  the  H20  source.  The 
results  for  the  electron  attachment  rate  constants  are  the 
same  as  above. 

B.  H20-N2  mixture 

For  the  H20-N2  mixture,  the  transient  waveforms  ob¬ 
served  with  and  without  water  vapor  at  E  /N  from  8  to  24 
Td  do  not  show  difference.  In  this  E/N  region,  the  mean 
electron  energy  is  in  the  range  of  0.8- 1.5  eV.12-25  These 
electron  energies  are  too  low  for  the  dissociative  attach¬ 
ment  process,1213  but  too  high  for  the  nondissociative  at¬ 
tachment  process.315  Therefore,  one  does  not  expect  the 
electron  attachment  process  to  occur. 

When£/Ais  reduced,  the  waveforms  with  and  without 
HzO  in  N2  show  some  differences.  Two  waveforms  at  E  / 
N  =  6.3  Td,  one  for  390  Torr  of  N2  without  H20  and  the 
other  for  468  Torr  of  N2  with  2.7  Torr  of  H20  are  shown  in 
Figs.  6(a)  and  6(b),  respectively,  These  pulses  are  represen¬ 
tatives  for  several  subsequent  shots.  The  waveforms  are 
very  reproducible,  and  the  difference  between  Figs.  6(a) 
and  6(b)  does  have  a  statistical  significance.  As  shown  in 
Fig.  6(b),  the  pulse  duration  is  shortened  when  H20  is  add¬ 
ed,  indicating  that  the  electron  drift  velocity  increases  as 
H20  is  added.  We  have  measured  the  electron  drift  veloc¬ 
ities  at  various  [H20]  and  E  / N ,  and  found  them  to  be  con¬ 
sistent  with  the  published  data.18 

Since  the  electron  drift  velocity  increases  with  the  addi¬ 
tion  of  H20,  it  is  expected  that  the  first  peak  in  Fig.  6(b)  will 
be  larger  than  that  of  Fig.  6(a).  This  expectation  is  different 
from  the  waveforms  observed,  namely,  the  amplitude  of  the 
first  peak  in  Fig.  6(b)  is  smaller  than  that  of  Fig.  6(a).  This 
result  suggests  that  electron  attachment  occurs  in  this  peri¬ 
od.  Furthermore,  the  amplitude  of  the  second  peak  in  Fig. 
6(b)  increases  more  than  that  of  Fig.  6(a).  This  may  result  if 
the  electrons  attached  earlier  are  released  later  to  enhance 
the  electron  current  at  the  end  of  the  pulse.  Comparing  the 
amplitudes  of  Figs.  6(a)  and  6(b),  the  current  due  to  detach¬ 
ment  appears  at  a  time  less  than  0.7  fi s,  indicating  that  the 
lifetime  of  this  negative  ion  is  less  than  this  value. 
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FIG.  J.  Electron  attachment  rate  constants  obtained  from  the  extrapolation 
of  v.  /[H2OJ  at  [H20]  =  0  in  the  H20-Ar  mixture  as  a  function  of  E  / N . 


FIG.  6.  The  transient  voltage  waveforms  produced  from  the  electron  mo¬ 
tion  in  (a)  390  Torr  of  N,  without  H,Oand  (b)  468  Torr  of  N2  with  2.7  Torr 
ofH,0.  The  E  /N  was  fixed  at  6.3  Td.  The  electrode  spacing  was  3.7  cm,  and 
the  external  resistor  was  510/?. 
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FIG.  7.  The  ratios  for  the  magnitudes  of  the  second  peak  to  the  first  peak, 
V2/V„  as  a  function  of  [H.O]  in  N2  at  E/N  =  4.2  Td  (•)  and  6.3  Td  (A). 

Because  of  the  first  peak  and  the  second  peak  being  af¬ 
fected  by  the  attachment  and  detachment  process  of  the 
temporary  negative  ion,  the  ratio  of  the  amplitudes  of  these 
two  peaks  will  give  an  indication  for  the  attachment  effect. 
For  an  example,  the  ratios  for  the  amplitudes  of  the  second 
peak  V2  to  the  first  peak  V,  for  the  data  taken  at  £  /IV  =  4.2 
and  6.3  Td  at  varied  [H20]  are  shown  in  Fig.  7.  The  F2/F, 
values  do  not  depend  on  E  /N  at  [H2OJ  =  0,  but  it  shows 
dependence  as  [H20]  increased.  The  slope  of  the  V2/V ,  for 
E/N  =  4.2  Td  is  larger  than  that  for  E  /N  =  6.3  Td.  This 
suggests  that  the  electron  attachment  rate  for  the  forma¬ 
tion  of  temporary  negative  ion  increases  with  decreasing 
E/N.  This  is  consistent  with  the  earlier  observations315 
that  the  electron  attachment  rate  for  the  nondissociative 
attachment  process  increases  with  decreasing  electron  en¬ 
ergy.  This  phenomenon  is  further  studied  by  measuring  the 
electron  attachment  rate  in  the  H20-CH4  mixture  below. 

We  have  repeated  the  above  experiments  by  producing 
the  initial  electrons  by  two-photon  ionization  of  a  trace  of 
trimethylamine  in  N2.  The  results  are  consistent  with  the 
above  experiments. 

C.  H*0-CH4  mixture 

Two  transient  voltage  waveforms  at  E/N  =  6.3  Td,  one 
for  324  Torr  of  CH4  without  H20  and  the  other  for  420 
Torr  of  CH4  with  3.6  Torr  of  H20  are  shown  in  Figs.  8(a) 
and  8(b),  respectively.  The  pulse  duration  of  0.35  (is  here  is 
much  shorter  than  that  in  Ar  of  N2  gas  This  is  because  the 
electron  drift  velocity  in  CH4  is  about  one  order  of  magni¬ 
tude  higher12  than  that  in  Ar  or  N2.  The  drift  velocities  as  a 
function  of  E  /N  at  various  water  vapor  contents  in  CH4  are 
shown  in  Fig.  9.  It  is  noted  that  the  electron  drift  velocity 
becomes  smaller  when  H20  is  added  to  CH4,  instead  of 
larger  as  H20  is  added  to  Ar  of  N2.  The  electron  drift  veloc¬ 
ities  we  measured  agree  well  with  the  published  data. 18 

In  Fig.  8(b),  the  second  peak  is  much  smaller  than  the 
first  peak  [as  compared  with  Fig.  8(a)],  clearly  indicating 
that  an  electron  attachment  due  to  H20  occurs  in  this  short 
pulse  period.  The  electron  attachment  rate  can  be  measured 
from  the  ratio  of  the  voltages  with  and  without  H20  in  CH4. 
The  ratios  of  V'/V  for  the  H20  pressures  of  0.72,  2.16,  and 
3.59  Torr  are  plotted  in  Figs.  10(a)  and  10(b)  for  E/N  =  2.5 
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FIG.  8.  The  transient  voltage  waveforms  produced  from  the  electron  mo¬ 
tion  in  (a)  324  Torr  of  CH4  without  H20  and  (b)  420  Torr  of  CH4  with  3.6 
Torr  of  H,0.  The  £ /A' was  fixed  at  5Td,  the  electrode  spacing  was  3.7  cm, 
and  the  external  resistor  was  220  fl. 

and  7.6  Td,  respectively.  For  every  case,  ln(F'/F)is  linearly 
dependent  on  t.  The  “apparent”  electron  attachment  rates 
measured  from  the  slopes  at  various  [H2OJ  are  shown  in  Fig. 

1 1 .  At  each  E  /N,  the  electron  attachment  rates  increase  lin¬ 
early  with  [H20],  from  which  “apparent”  electron  attach¬ 
ment  rate  constants  v„  /[H20]  are  obtained  as  shown  in  Fig. 

12.  Note,  the  data  were  measured  at  several  different  CH4 
pressures.  The  attachment  rate  constants  do  not  depend  on 
the  CH4  pressure.  It  is  also  worth  noting  that  the  attachment 
is  due  to  the  formation  of  “temporary”  negative  ions,  which 
is  different  from  the  “stable”  ones.  We  thus  call  the  mea¬ 
sured  attachment  rate  as  an  “apparent"  one. 

The  second  peak  shown  in  Fig.  8(a)  is  significantly  larg¬ 
er  than  the  middle  portion,  indicating  that  in  CH4  the  drift 
velocity  for  electrons  near  the  anode  is  significantly  affected 
by  the  electrode.  For  the  measurements  of  attachment  rates, 
the  [H20]  concentrations  were  kept  as  low  as  possible  so  that 
the  electron  drift  velocities  were  not  significantly  altered 
when  H20  was  added.  For  the  amount  of  H20  (0.07-3.6 
Torr)  used  in  the  experiment,  the  electron  drift  velocity  at  E  / 
N  =  7.6  Td  is  not  significantly  affected,  which  is  reflected  in 
Fig.  1 0(b)  as  the  extrapolation  of  V ' /  V  to  t  =  0  is  nearly  equal 
to  1 .  [The  V '/  Fat  /  =  0  is  proportional  to  W '/  IV  as  shown  in 
Eq.  (4).]  At  low  E/N,  the  electron  drift  velocity  depends 
strongly  on  the  [H2OJ  added  (see  Fig.  9)  so  that  the  electron 


FIG.  9.  The  electron  drift  velocities  in  the  H20-CH4  mixtures  as  a  function 
of  E/N.  The  [H2OJ/[CH4]  are:  (•(0%;  (T)  0.4%;  •  1.2%;  (A)  1.7%. 
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FIG.  10.  The  ratios  of  transient  voltages  measured  with  and  without  H20  in 
CH4,  V'/  V,  as  a  function  of  the  elapsed  time  after  the  laser  pulse  at  E  /N  of 
(a)  2.5  Td  and  (b)  7.6Td.  The  gas  pressures  for  H,0  in  CH4  are:  ( A  )  0.72  Torr 
in  342  Torr;  (B )  2.16  Torr  in  379  Torr;  (C)  3.59  Torr  in  417  Torr. 


drift  velocity  changes  greatly  with  [H2OJ.  However,  the  plot 
ofln(KVK)  is  still  linear  as  a  function  of  t  as  shown  in  Fig. 
10(a).  The  W'/  W values  determined  from  the  extrapolation 
of  F'/ Fat  t  =  0  with  a  correction  of  laser  power  fluctuation 
are  consistent  with  the  electron  drift  velocities  measured 
from  the  pulse  duration.  This  good  agreement  indicates  that 
the  present  method  is  also  applicable  to  electron  attachment 
rate  measurement  even  for  the  case  where  the  electron  drift 
velocity  is  changed  by  adding  gases. 

As  shown  in  the  measurements  for  the  H20-N2  mix¬ 
ture,  the  negative  ion  is  a  short-lived  species,  so  that  it  will  be 
detached  later.  Since  the  transient  pulse  in  the  H20-CH4 


FIG.  1 1.  “Apparent"  Miron  attachment  rate  for  [H;0]  in  (CH4]at  E/No( 
(a)  2.5  Td  (•jatid  (b;  7.6  id  (A).  The CH,  pressures  varied  from  340to420 
Torr  as  [H20]  increased. 
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FIG.  12.  “Apparent”  attachment  rate  constants  at  various  E/N  for  the 
H20-CH4  mixture.  The  data  were  measured  at  the  CH4  pressures  of  325 
(•),  200  (A),  and  135  (|)  Torr. 


mixture  is  short,  the  current  induced  by  the  detached  elec¬ 
trons  may  become  observable  after  the  primary  electrons  are 
absorbed  by  the  anode.  This  expectation  is  indeed  shown  in 
the  transient  pulses  of  Fig.  8(b),  in  which  the  “after-current” 
of  F'(r)  after  t—T'  has  a  tail  longer  than  that  of  V  (t )  shown  in 
Fig.  8(a)after/  =  T.  The  “after-currents”  of  V(t  )and  V'(t  )are 
plotted  on  a  logarithmic  scale  as  shown  in  Figs.  13(a)  and 
13(b),  respectively.  The  decay  time  in  Fig.  13(a)  is  mainly  the 
external  RC  time  constant  (R  =  220/2,  C~3X  10“ 10  F).  On 
the  other  hand,  the  after  current  shown  in  Fig.  1 3(b)  has  an 
additional  long  tail  with  a  decay  time  of  about  210  ns.  This 
tail  results  from  the  detachment  of  the  temporary  ions, 
whose  lifetimes  vary  in  the  range  of  190-220  ns  as  measured 
at  various  [H2OJ  and  E  /N. 


Time  (  ] 


FIG.  13,  The  amplitudes  of  after-currents  in  Figs.  8|a)  and  8(b)  as  a  function 
of  the  time  after  primary  electrons  reaching  the  anode.  The  short  decay 
times  for  both  curves  (a)  and  (b)  are  caused  by  the  external  RC  circuit.  The 
long  decay  time  for  (b)  is  caused  by  the  electron  detachment  from  the  short¬ 
lived  nega'ive  ion. 
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The  electron  detachment  of  the  negative  ions  may  affect 
the  measurement  of  the  electron  attachment  rate  so  that  the 
measured  attachment  rate  constant  may  appear  low.  How¬ 
ever,  the  transient  pulse  duration  in  CH4  (  —  400  ns)  is  not 
nuch  longer  than  the  lifetime  of  the  temporary  negative  ion, 
also  the  concentration  of  negative  ions  is  much  less  than  that 
of  primary  electrons,  so  that  the  effect  of  detachment  on  the 
measured  attachment  rate  may  not  be  serious.  It  is  estimated 
that  the  uncertainty  of  the  attachment  rate  constant  may  not 
be  larger  than  ±  30%  of  the  given  value. 

The  earlier  observations315  of  electron  attachment  in 
H20  at  low  electron  energy  were  questioned1214  because  no 
stable  H20  "  ion  was  observed.710,1216  The  attachment  was 
arbitrarily  attributed1214  to  the  presence  of  impurities,  most 
likely  02.  We  have  examined  this  impurity  problem  careful¬ 
ly.  There  are  several  observations  to  show  that  the  attach¬ 
ment  observed  in  this  experiment  is  not  due  to  02.  First,  the 
negative  ion  observed  is  short-lived,  in  contrast  to  the  02~ 
ion  that  is  very  stable.  Second,  the  attachment  is  a  two-body 
process  as  evident  from  the  fact  that  the  attachment  rate 
constant  is  linearly  dependent  on  [H20]  (see  Fig.  12).  This  is 
quite  different  from  the  attachment  process  of  02  which  is  a 
three-body  process  so  that  one  would  expect  the  attachment 
rate  to  be  quadratically  dependent  on  the  gas  pressure. 
Third,  the  attachment  rates  measured  are  quite  high.  It  is 
unlikely  that  any  impurity  has  such  high  concentration  and 
high  attachment  cross  section  to  make  the  attachment  rate 
observable.  These  facts  clearly  indicate  that  the  attachment 
is  not  caused  by  the  possible  impurity,  02,  but  is  caused  by 
the  formation  of  temporary  ions.  This  point  is  further  dis¬ 
cussed  below. 


V.  DISCUSSION 

The  electron  attachment  rate  constants  are  plotted  ver¬ 
sus  the  electron  characteristic  energies  {D/fi)  in  CH4,  H20, 
and  Ar  as  shown  in  Fig.  14.  The  electron  characteristic 
energy  in  CH4  at  each  E/N  is  calculated  from  the  data 
given  by  Cochran  and  Forester.31  The  electron  attachment 
rate  constant  for  pure  H,0  without  buffer  gas  is  obtained 
from  the  product  of  the  electron  attachment  coefficient  and 
the  electron  drift  velocity  at  each  E  /vV. 14  The  electron  at¬ 
tachment  coefficient  for  pure  H,0  is  the  arithmetic  mean 
value  given  by  various  investigators6,8,32,33  at  each  E/N  as 
reviewed  by  Gallagher  et  al.u  The  electron  drift  velocity 
and  the  electron  characteristic  energy  for  pure  H:0  at  each 
E/N  are  also  adopted  from  this  review  paper.14  The  elec¬ 
tron  characteristic  energy  for  Ar  at  each  E  /N  is  obtained 
from  a  review  paper  given  by  Dutton.25  The  electron  at¬ 
tachment  rate  constants  measured  by  Hurst  et  a/.5  in  Ar  at 
low  E  /N  are  also  plotted  for  comparison. 

As  stated  before,  the  electron  attachment  in  H20  at  low 
elec‘^'1  energy  reported  before315  was  subject  to  ques¬ 
tion  4  In  order  to  resolve  the  discrepancy,  Hurst  et  a!.'1 
propose1;!  .o  iter  that  H,0  might  quasitrap  low  energy  elec¬ 
trons,  for  which  the  “quasitrap”  H,0  may  have  a  limited 
lifetime  in  the  order  of  10  s-10  7  s.  Later,  in  order  to 
explain  the  measured  momentum  transfer  cross  section  for 
HzO  being  larger  than  the  theoretical  value  by  a  factor  of  2, 


FIG.  14.  Electron  attachment  rate  constants  as  a  function  of  electron  char¬ 
acteristic  energy  in  CH4,  H,0,  and  Ar.  The  data  for  H20  in  CH4  ( ▲ )  and  Ar 
(T)  were  measured  in  this  experiment.  The  data  for  pure  H20  m  (from 
Ref.  14)  and  for  H20-Ar  (•)  (from  Ref.  5)  are  plotted  for  comparison. 

Hurst  et  a l .,R  reproposed  that  the  motion  of  low  energy 
electrons  in  H20  may  form  a  temporary  negative  ion.  The 
formation  of  temporary  negative  ions  has  been  used  to  ex¬ 
plain18  the  decrease  of  electron  drift  velocity  as  HzO  is  add¬ 
ed  to  CH4  (see  Fig.  9).  The  temporary  ion  of  lifetime  about 
200  ns  observed  in  this  experiment  fits  very  well  with  the 
suggestion.18 

H20  is  a  strong  electron-polar  molecule,  the  cross  sec¬ 
tion  for  the  rotational  excitation  by  low  energy  electrons  is 
very  large  (larger  than  10“ 16  cm2).34,35  The  cross  section  for 
the  vibrational  excitation  of  H20  by  low  energy  electrons 
( <  1  eV)  was  also  observed  to  be  very  large  (peak  ~ 
4x  10“ 16  cm2).36  The  large  excitation  cross  section  was  at¬ 
tributed  to  the  dipole-dominated  resonances.36,37  [The 
H20_  (2A,)  state  calculated  by  Claydon  et  al.w  of  about  2 
eV  is  too  high  to  be  involved  in  the  observed  attachment.]  It 
is  presumed  that  H20  is  excited  by  low  energy  electrons  to 
an  intermediate  compound  state,  (H20~)\  which  then  au- 
todetaches  to  excited  vibrational  and  rotational  levels  of 
the  H20  ground  electronic  state.  The  mechanism  has  been 
described  in  detail  by  Schulz  for  the  diatomic  molecules.39 
The  lifetime  of  a  compound  state  is  usually  short  (10~10- 
10- 15  s),39  and  it  is  not  expected  to  be  observable  in  our 
experiment.  However,  H20  has  a  strong  dipole  moment,  its 
compound  state  may  live  long  enough  such  that  it  can  col¬ 
lide  with  other  H20  molecules  to  form  a  dimer 
H20~  •  H20  or  clusters  H20~  •  (H20)„ .  The  ion  cluster  is 
generally  more  stable40  than  the  compound  state.  The  tem¬ 
porary  negative  ions  observed  in  this  experiment  may  be 
dimers  or  clusters.  Therefore,  the  lifetime  observed  may 
belong  to  the  clusters  instead  of  H20_.  The  measured  elec¬ 
tron  attachment  rates  for  the  formation  of  temporary  nega¬ 
tive  ions  depend  linearly  on  [H2Q]  (see  Fig.  1 1)  and  not  on 
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[CH4]  (see  Fig.  12).  This  indicates  that  the  rate  for  the  for¬ 
mation  of  clusters  from  the  (H20-)*  compound  state  may 
be  very  fast  so  that  the  primary  electron  attachment  to  H20 
is  the  rate  controlling  process. 

For  high  energy  electrons,  the  attachment  is  due  to  a 
dissociative  attachment  process.  The  attachment  rate  con¬ 
stants  measured  in  Ar  indicate  that  the  attachment  begins 
at  a  mean  electron  energy  of  about  4  eV.  This  is  consistent 
with  the  thresholds1311  for  producing  O’  and  H~  from 
dissociative  attachment  of  H20  (i.e.,  4.9  and  5.5  eV,  respec¬ 
tively).  The  attachment  rate  constants  reported  by  Hurst  et 
a!.5  are  higher  than  the  present  values  (see  Fig.  14).  The 
reason  for  this  discrepancy  is  not  known.  The  dissociative 
attachment  process  has  been  used  to  explain  the  observa¬ 
tion  that  the  addition  of  water  vapor  to  dry  air  increases  the 
breakdown  voltage.1 

The  magnitude  of  the  attachment  rate  constant  for  elec¬ 
trons  in  pure  water  is  about  the  same  as  that  in  Ar  as  shown 
in  Fig.  14,  indicating  that  the  electron  attachment  in  H20  is 
due  to  the  dissociative  attachment  process.  However,  the 
mean  electron  energy  in  H20  in  Fig.  14  is  less  than  the 
threshold  for  the  O-  or  H  formation.  This  result  suggests 
that  the  electron  energy  distribution  in  H,0  may  be  broad, 
and/or  the  mean  electron  energy  is  not  well  measured.  Be¬ 
cause  the  electron  attachment  rate  constants  are  nearly  the 
same  for  both  H20-Ar  and  pure  H20,  it  is  likely  that  the 
electron  energy  in  H20  is  not  much  broader  than  Ar,  al¬ 
though  the  possibility  of  a  wide  energy  spread  in  H20  is  not 
ruled  out.  The  attachment  at  an  electron  energy  lower  than 
threshold  may  suggest  that  the  published  data  for  the  mean 
“electron  energy”  in  HzO  are  too  low.  The  mean  electron 
energy  in  HzO  has  not  been  studied  too  thoroughly  to  date. 14 

VI.  CONCLUDING  REMARKS 

We  have  applied  a  different  approach  to  investigate  the 
transient  electron  conduction  current  in  the  gas  mixture  of 
a  trace  of  H20  in  Ar,  N2,  and  CH4.  This  method  is  different 
from  the  conventional  swarm  method  in  which  negative 
ions  are  detected.  We  have  demonstrated  in  this  paper  and 
a  previous  paper19  that  the  present  method  is  useful  for 
measuring  the  “apparent”  electron  attachment  rate  con¬ 
stants  due  to  the  formation  of  short-lived  species. 

For  an  opening  switch,  the  electron  at  tachment  rate  dur¬ 
ing  the  opening  period  needs  to  be  high,  that  is,  the  electron 
attachment  rate  is  required  to  increase  with  increasing  E / 
N.  The  results  of  our  experiment  show  that  the  H20-Ar 
mixture  has  this  characteristic.  The  increase  of  the  electron 
drift  velocity  due  to  the  addition  of  H20  to  Ar  is  an  addi¬ 
tional  benefit  for  the  design  of  opening  switch,  because  the 
electron  conduction  current  will  be  increased  during  the 
switching  period. 
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The  attachment  rate  constants  of  C3F„  in  the  buffer  gases  of  Ar,  N2,  and  CH4  are  measured  using  a 
parallel-plate  drift-tube  apparatus.  The  dependences  of  the  electron  drift  velocities  on  the 
contents  of  C3Fg  in  various  buffer  gases  are  investigated.  Electrons  are  produced  by  irradiating  the 
cathode  with  ArF  laser  photons.  The  transient  voltage  pulses  induced  by  the  electron  motion  are 
observed.  We  find  that  the  C3Fg-CH4  mixture  has  the  desirable  characteristics  of  both  electron 
drift  velocity  and  attachment  rate  constant  for  the  application  of  diffuse-discharge  opening 
switches. 


I.  INTRODUCTION 

It  has  been  pointed  out  that  fast  opening  switches  are 
needed1-2  for  developing  a  magnetic  energy  storage  system.3 
For  the  design  of  a  fast  opening  switch,  the  duration  of  the 
electron  conduction  pulse  and  the  electron  drift  velocity  are 
the  important  parameters.  The  pulse  duration  can  be  short¬ 
ened  by  attaching  electrons  to  electronegative  gases  in  var¬ 
ious  buffer  gases.  A  gas  mixture  suitable  for  a  diffuse-dis¬ 
charge  opening  switch  has  to  fulfill  the  requirements 1-2-4 :  (i) 
high  electron  drift  velocity  and  low  electron  attachment  rate 
at  low  density-reduced  electric  field  (£//V~3x  10“ 17 
V  cm2),  and  (ii)  low  electron  drift  velocity  and  high  electron 
attachment  rate  at  high  E/N.  In  our  research  program,  we 
have  developed  a  method  to  measure  the  electron  attach¬ 
ment  rates  and  electron  drift  velocities  of  various  gas  mix¬ 
tures  for  the  application  of  opening  switches. 

Recently,  Christophorou’s  group4-8  have  measured  the 
electron  attachment  rates  and  electron  drift  velocities  for 
various  binary  gas  mixtures  by  a  swarm  method.  Among 
these  gas  mixtures,  C,Fg-Ar  and  C3Fg-CH4  were  suggested 
as  the  good  candidates  for  diffuse-discharge  opening  switch¬ 
es.  In  this  paper  we  report  the  electron  transport  parameters 
of  these  mixtures  using  a  different  method.  [We  have  already 
applied  this  method  to  measure  the  electron  attachment 
rates  of  various  gas  mixtures  such  as  N20-N2  (Ref.  9)  and 
H20-Ar  (Ref.  10).]  From  our  results  in  this  study,  wc  found 
that  in  the  case  of  low  C3Fg  concentration  the  C3Fg-CH4  and 
C3Fg-N2  mixtures  are  suitable  for  the  application  of  opening 
switches,  but  the  C3Fg-Ar  mixture  is  not. 

II.  EXPERIMENT 

The  experimental  apparatus  and  the  technique  for  data 
analysis  have  been  described  in  detail  in  previous  papers.9-10 
Briefly,  the  gas  cell  is  a  6  in.  six-way  aluminum  cross.  The 
electrodes  are  two  parallel  uncoated  stainless  steel  plates  of  5 
cm  in  diameter  and  3.7  cm  apart.  Electrons  were  produced 
by  irradiating  the  cathode  with  ArF  laser  (193  nm)  photons 
(Lumonics  model  86 1 S).  The  pulse  duration  is  about  10  ns.  A 
negative  high  voltage  was  applied  to  the  cathode.  The  con¬ 
duction  current  induced  by  electron  motion  between  the 
electrodes  was  converted  into  a  transient  voltage  pulse 


across  a  resistor  connecting  the  anode  to  ground.  The  tran¬ 
sient  voltage  was  monitored  by  a  storage  oscilloscope  (HP 
model  1727 A)  and  photographed  for  a  permanent  record. 
The  electron  attachment  rates  are  determined  by  comparing 
the  transient  voltages  with  and  without  C3Fg  in  various  buff¬ 
er  gases  as  described  in  earlier  papers.9-10  The  electron  drift 
velocities  were  determined  from  the  duration  of  transient 
pulses  and  the  electrode  separation. 

The  gas  pressure  in  the  cell  was  maintained  constant  in 
a  slow  flow  system  (flow  rate  ~20  STP  cmVmin).  The  gas 
pressure  was  measured  by  an  MKS  Baratron  manometer. 
All  measurements  were  done  at  room  temperature.  The  Ar, 
N2,  and  CH4  gases  (supplied  by  MG  Scientific)  have  mini¬ 
mum  purities  of  99.998%,  99.998%,  and  99.99%,  respec¬ 
tively.  The  perfluoropropane  (C3Fg)  supplied  by  Matheson 
has  a  minimum  purity  of  99.0%.  Because  the  C3Fg  concen¬ 
trations  used  in  the  Ar  experiment  were  usually  small,  a  di¬ 
luted  3%  of  C3Fg  in  prepurified  Ar  (supplied  by  Matheson) 
was  used  so  that  the  partial  pressure  of  C3Fg  could  be  mea¬ 
sured  accurately. 

III.  RESULTS 
A.  CjFg-Ar  mixture 

The  electron  transient  pulses  for  C3F„-Ar  mixtures  at 
E/N  =  3  Td  (1  Td  =  10~17  V  cm2)  are  shown  in  Fig.  1, 
where  the  pressure  of  Ar  is  380  Torr,  and  the  pressures  of 


FIG.  I.  The  transient  voltage  waveforms  produced  from  the  electron  mo¬ 
tion  in  380  Torr  of  Ar  (a)  without  C,Fg,  (b)  with  0.02  Torr,  and  (c)  with  0.04 
Torr  of  C,F„.  The  electrons  were  produced  from  irradiation  of  the  cathode 
by  ArF  laser  photons.  The  E  /N  was  fixed  at  3  Td,  the  electrode  spacing  was 
3.7  cm,  and  the  external  resistor  was  2  k/2. 
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E  /  N  (  I0‘17  V-cm2  ) 

FIG.  2.  Electron  attachment  rate  constants  of  C,F„  in  the  buffer  gases  of  (a) 
380  Torr  of  Ar,  (b)  320  Torr  of  N2,  and  (c)  250  Torr  of  CH4. 

C3Fg  are  (a)  0,  (b),  0.02,  and  (c)  0.04  Torr.  As  shown  in  the 
figure,  the  electron  pulses  are  shortened  when  small 
amounts  of  C3F8  are  added  to  Ar.  The  shortening  is  caused 
by  the  electron  attachment  of  C3F8.  The  electron  attachment 
rate  va  for  a  C3F„  concentration  is  obtained  from  the  ratio  of 
transient  voltages  with  and  without  C3F8  in  Ar  as  a  function 
of  time  (see  previous  papers9,10  for  detail).  The  electron  at¬ 
tachment  rate  constant  k„  is  determined  by  va/[C3F„].  We 
find  that  the  ka  values  decrease  with  increasing  [C3F„]/[Ar], 
as  reported  earlier  by  Hunter  and  Christophorou.5  This  is 
likely  caused  by  the  effect  of  C3Fg  on  the  electron  energy 
distribution  in  Ar,  similar  to  the  case10,1 1  of  H20  in  Ar.  The 
attachment  rate  constant  of  C3F„  is  the  value  of  extrapolat¬ 
ing  va/[C3F8]  to  [C3F8]  =  0,  for  which  the  electron  energy 
distribution  is  associated  with  pure  Ar.  The  results  of  ka  at 
various  E /Ware  shown  in  Fig.  2(a),  where  the  Ar  pressure  is 
about  380  Torr.  The  experimental  uncertainty  is  estimated 
to  be  ±  20%  of  the  given  value.  [Figs.  2(b)  and  2(c)  show  the 
electron  attachment  constant  for  the  C3F8-N2  and  C3F8- 
CH4  mixtures  as  discussed  in  Sec.  III  B  and  Sec.  Ill  C.] 

The  attachment  rate  constant  is  about  6x  10“ 10  cm3/s 
at  £  /TV  =  1.2  Td,  and  decreases  with  increasing  E  /TV.  A  gas 
mixture  with  the  nature  of  this  E  /TV  dependence  will  take  a 

Time  (ms) 


FIG.  3.  The  transient  voltage  waveforms  produced  from  the  electron  mo¬ 
tion  in  320  Torr  of  N2  (a)  without  C3F„  (b|  with  0.2  Torr,  and  (c)  with  0.8 
Torr  of  C,F„.  The  E /N  was  fixed  at  8.9  Td.  The  electrode  spacing  was  3.7 
cm,  and  the  external  resistor  was  510/7. 


FIG.  4.  The  electron  drift  velocities  in  the  CjF,-N2  mixture  as  a  function  of 
E/N.  The  [C,Fs]/[N2]  ratios  are  0  (A),  0.63%  (•),  and  1.5%  (▼). 

long  time  to  open  a  discharge  switch.1 2  Therefore,  for  the 
case  of  low  C3F„  concentration  the  C3F8-Ar  mixture  is  not 
desirable  for  the  application  of  diffuse-discharge  opening 
switches.  However,  in  a  practical  switching  device,  the  C3F8 
concentration  can  be  so  high  that  the  C3F8-Ar  mixture  is 
useful  for  the  switching  application  as  stated  in  Ref.  5. 

The  electron  drift  velocity  IF  is  measured  in  this  experi¬ 
ment,  which  is  equal  to  the  ratio  of  the  electrode  spacing  to 
the  electron  drift  time.  Because  of  the  fast  decay  of  conduc¬ 
tion  pulse  at  high  [C3Fg]  (see  Fig.  1),  the  electron  drift  veloc¬ 
ity  is  only  measurable  at  low  C3Fg  concentration  ( <  0.02%) 
in  Ar.  The  measured  electron  drift  velocity  increases  sub¬ 
stantially  when  a  small  amount  of  C3Fg  is  added  to  Ar.  At 
high  E  /TV,  the  electron  drift  velocity  for  the  C3F„- Ar  mixture 
merges  with  the  value  for  pure  Ar.  Our  observation  for  the 
electron  drift  velocity  of  the  C3Fg  mixture  is  consistent  with 
the  measurements  of  Christophorou  et  al.4-6’7 

B.  CjF»-N2  mixture 

The  electron  conduction  pulses  for  0, 0.2,  and  0.8  Torr 
of  C3Fg  in  320  Torr  of  N2  are  shown  in  Figs.  3(a),  3(b),  and 
3(c),  respectively,  where  the  E  /TV  is  fixed  at  8.9  Td.  Again, 
the  shortening  of  electron  pulses  in  Fig.  3  is  due  to  the  elec¬ 
tron  attachment  to  C3F8.  The  electron  attachment  rate  con¬ 
stants  of  C3F8  in  N2  are  slightly  dependent  on  the  contents  of 
C3F8  as  reported  earlier  by  Hunter  and  Christophorou.'5  The 
ka  values  measured  at  [C3Fg]  — *■  0  are  shown  in  Fig.  2(b)  as  a 
function  of  E  /TV  from  5  to  25  Td.  The  attachment  rate  con¬ 
stants  of  C3F8  in  N2  increase  with  increasing  E  /TV.  This  char¬ 
acteristic  is  desirable  for  the  application  of  a  diffuse-dis¬ 
charge  opening  switch. 

The  electron  drift  velocities  measured  at  various  E  /TV as 
various  [C,F8]/[N2]  ratios  are  shown  in  Fig.  4.  When  a  small 
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FIG.  5.  The  transient  voltage  waveforms  produced  from  the  electron  mo¬ 
tion  in  250  Torr  of  CH4  (a)  without  C,Fg,  (b)  with  0. 1 5  Torr,  and  (c)  with  1.0 
Torr  of  C,F,.  The  E/N  was  fixed  at  39  Td.  The  electrode  spacing  was  3.7 
cm,  and  the  external  resistor  was  51/2. 

small  amount  of  C3F8  is  added  to  N2,  the  drift  velocity  in¬ 
creases  at  low  E/N  but  remains  unchanged  at  high  E/N, 
which  is  similar  to  the  characteristic  observed  in  the  C3Fg- 
Ar  mixture.4  The  electron  drift  velocity  shows  a  small  bump 
when  more  C,Fg  is  added  (see  Fig.  4).  The  increase  of  elec¬ 
tron  drift  velocity  due  to  the  addition  of  C3F8  to  N2  is  also  a 
characteristic  desirable  for  the  design  of  diffuse-discharge 
opening  switches. 

C.  C3F,-CH4  mixture 

The  electron  conduction  pulses  with  0,  0.15,  and  1.0 
Torr  of  C3Fg  in  250  Torr  of  CH4  are  shown  in  Figs.  5(a),  5(b), 
and  5(c),  respectively,  where  the  E  /N is  fixed  at  39  Td.  Since 
the  electron  drift  velocity  in  CH4  is  much  higher  than  that  in 


FIG.  6.  The  electron  drift  velocities  in  the  C,F,-CH4  mixture  as  a  function 
of  £  /N.  The  [C,F,)/[CH4]  ratios  are  0  ( A ),  0.48%  (•),  and  1 .79%  ( ▼ ).  The 
data  from  Ref.  8  with  [CjF,]/ICH4]  =  0.5%  (-  -)  and  2%  ( — ),  and  from 
Ref.  12  with  pure  CH4  (•  •  •)  are  plotted  for  comparison. 


Mean  Electron  Energy  (ev) 

FIG.  7.  Electron  attachment  rate  constants  of  C3F8  in  Ar  (•)  and  N2  (▼ )  as 
a  function  of  mean  electron  energy.  The  data  from  Ref.  5  (solid  line)  are 
plotted  for  comparison. 


Ar  and  N2,  the  pulse  duration  observed  here  is  relatively 
short.  The  attachment  rate  constants  of  C3F„  in  CH4  mea¬ 
sured  at  various  E  /N  are  shown  in  Fig.  2(c).  The  ka  values 
increase  by  a  factor  of  about  40  from  E/N  ~  5  to  39  Td  as 
shown  in  Fig.  2(c).  The  dependence  of  this  electron  attach¬ 
ment  rate  constant  on  E  /N  is  very  desirable  for  the  applica¬ 
tion  of  diffuse-discharge  opening  switches. 

The  electron  drift  velocities  for  the  C3Fg-CH4  mixture 
measured  at  various  [C3Fg]/[CH4]  ratios  as  a  function  of 
E  /N  are  shown  in  Fig.  6.  The  experimental  uncertainty  for 
the  electron  drift  velocity  is  estimated  to  be  within  ±  10%  of 
the  given  value,  which  is  mainly  caused  by  the  time  measure¬ 
ments.  The  uncertainty  for  the  time  measurement  in  the  be¬ 
ginning  or  the  end  of  a  pulse  is  about  20  ns.  This  causes  an 
uncertainty  for  the  electron  drift  velocity  of  about  7%.  The 
measurements  of  Hunter  et  a/.*  with  [C3Fg]/[CH4]  =  0.5% 
and  2%,  and  the  measurement  of  Hurst  et  al.'2  with  pure 
CH4  are  also  plotted  in  Fig.  6  for  comparison.  Our  measured 
values  are  between  those  two  previous  results  and  are  consis¬ 
tent  within  experimental  uncertainties.  The  electron  drift  ve¬ 
locity  is  affected  by  the  addition  of  C3Fg  to  CH4.  The  elec¬ 
tron  drift  velocities  have  maxima  in  the  E  /N  region  of  5-10 
Td.  The  peak  position  shifts  toward  the  high  E  /Aside  when 
the  C3Fg  concentration  increases.  Comparing  with  the  C,Fg- 
Ar  and  C3Fg-N2  mixtures,  the  electron  drift  velocity  in  the 
C3Fg-CH4  mixture  is  less  sensitive  to  the  contents  of  C3Fg. 
The  electron  drift  velocity  for  the  C3Fg-CH4  mixture  is  very 
high  ( —  1.1  x  107cm/s)at  moderate  is /A  (5-7Td).  Although 
the  electron  drift  velocity  decreases  with  increasing  E  /A,  its 
value  at£/A  =  40  Td  is  still  quite  large  (6  X  106cm/s).  This 
characteristic  is  very  desirable  for  designing  diffuse-dis¬ 
charge  opening  switches. 
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IV.  DISCUSSION  AND  CONCLUSION 

For  a  comparison  of  our  measurements  with  the  pub¬ 
lished  data,  the  attachment  rate  constants  of  C3Fg  in  N2  and 
Ar  are  plotted  in  Fig.  7  as  a  function  of  the  mean  electron 
energy  (e),  where  [Ar]  =  380  Torr  and  [N2]  =  320  Torr. 
The  mean  electron  energies  in  N,  and  Ar  at  each  E  /N  are 
obtained  from  Ref.  5.  The  data  of  Hunter  and  Christo- 
phorou5  are  plotted  as  the  solid  line  in  Fig.  7,  where  the 
buffer  gas  pressure  (N2  or  Ar)  is  1000  Torr. 

Christophorou’s  group5,13  have  observed  that  the  elec¬ 
tron  attachment  rate  constant  of  C3Fg  depends  on  the  total 
pressure  for  pressures  larger  than  1000  Torr.  This  pressure 
dependence  was  attributed  to  the  processes5 

C3F8  +  e,  (1) 

C3Fg  +  e  -*■  C3Fg  *  ^ 

C3Fg~  +  energy,  (2) 

where  an  electron  initially  captured  by  C3F8  forms  a  tempo¬ 
rary  parent  negative  ion  C3F„  *.  The  parent  negative  ion 
will  either  autoionize  or  be  stabilized  by  collision  with  the 
buffer  gas.  So  the  higher  the  buffer  gas  pressure  is,  the  larger 
the  electron  attachment  rate  will  be. 

In  our  experiment,  we  have  measured  the  electron  at¬ 
tachment  rate  constants  as  a  function  of  the  buffer  gas  pres¬ 
sure  for  pressures  less  than  1  atmosphere.  The  measured 
electron  attachment  rate  constants  are  not  sensitive  to  the 
buffer  gas  pressure.  For  instance,  for  the  C3F8-Ar  gas  mix¬ 
ture  at  E /N  =  2.2  Td  (<e)  =  3.55  eV5),  the  electron  attach¬ 
ment  rate  constants  increase  less  than  10%  when  the  Ar 
pressures  increase  from  270  to  760  Torr.  The  relative  less 
dependence  of  the  electron  attachment  rate  constants  on  the 
buffer  gas  pressure  in  this  experiment  may  be  due  to  the  high 
mean  electron  energy  we  studied  (0.8-6  eV)  in  which  the 
dissociative  electron  attachment  process  is  important.  The 
dissociative  electron  attachment  processes  of  C3F8  are  given 
as14 

C3Fg  +  e-*Cx  F~  +  C}_,F^y  (3) 

where  x  =  0-3  and  y  =  0,  3,  5,  7.  The  lowest  appearance 
onset  energy14  for  these  processes  is  1.1  ±  0.1  eV  that  pro¬ 
duces  C2F3_  .  The  electron  attachment  due  to  this  dissocia¬ 
tive  attachment  process  will  show  pressure  independence. 
Our  observation  that  the  measured  electron  attachment  rate 
constants  are  not  sensitive  to  the  buffer  pressure  indicates 


that  this  dissociative  electron  attachment  may  be  a  major 
process  occurring  at  high  E  /N. 

In  summary,  we  have  employed  a  relatively  new  meth¬ 
od  to  measure  the  electron  attachment  rate  constants  of 
CjF8  in  the  buffer  gases  of  Ar,  N,,  and  CH4.  Our  measured 
ka  values  as  a  function  of  (e)  are  consistent  with  the  pub¬ 
lished  data.5  In  this  study,  we  find  that  the  C3F8-CH4  mix¬ 
ture  has  a  high  electron  drift  velocity  and  its  electron  attach¬ 
ment  rate  constant  increases  with  increasing  E  /N.  These 
characteristics  are  desirable  for  the  application  of  diffuse  dis¬ 
charge  opening  switches. 
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